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ABSTRACT 


This Bulletin presents the results of tests made 
on floor panel and ceiling panel heating systems. 
The systems were installed in the Floor Slab Lab- 
oratory at the University of Illinois between the 
fall of 1951 and spring of 1954. The investigation 
was a part of a heating and air conditioning re- 
‘search program in the Department of Mechanical 
_ Engineering. The program was sponsored by the 
Institute of Boiler and Radiator Manufacturers. 

The tests were designed to simulate current 
residential heating systems. Ceiling panels consist- 
~ ing of nominal %-in. copper tube embedded in the 

plaster and floor panels consisting of °4-in. black 
. iron pipe laid on 12-in. centers in a 5-in. concrete 
floor slab were studied. Two inches of concrete 
covered the coils. There were four test rooms, all 
of the same size. Test Rooms A, B, and © were 
exposed only to the north, while Room D had both 
a north and east exposure. Rooms A and B had 
one window each, which had an area equal to 10% 
of the floor area, while Rooms C and D each had 
_ two such windows. Cellular glass insulation, 1-in. 
‘in thickness was used under the entire floor of 
Room A, along the inside edge of the foundation 
wall from the level of the floor surface to a depth 
of 18 in. in Room B, and along the exposed edge of 
_ the floor slab in Rooms C and D. In Rooms C and 
D the insulation was extended under the floor slab 
for a distance of 24 in. from the outside edge as a 
border. 
Heat meters and thermocouples were used to 
make direct measurements of heat flow rates from 
‘the panels as well as the temperatures of the water, 
. ground, air, and unheated surfaces. 
The following is a summary of the results ob- 
- tained for the test conditions investigated: 


A. Bare Panels 
1. The air temperatures at the center of the 
rooms were very uniform with a variation be- 
tween the floor and 60-in. level of 0.5 F. The 
temperatures of the air 3 in. below the ceiling 
and 3 in. above the floor were practically the 
same. 


2. While the average floor surface temperature 


was uniform across the panel, the heat out- 
put from the surface of the panel was much 
higher near the exposed wall and window 
than at the center of the room. Thus the 
floor panel system automatically increases 

the heat output rate in areas near points of 
high heat loss. 


3. 


Fuel savings resulting from the use of insula- 
tion under the entire floor slab as compared 
to the use of edge insulation only are too 
small to justify the additional cost. 


. The measured heat flow from panel to room 


ranged from 87% of the calculated heat loss 
exclusive of loss through the floor in Room A 
to 10% of the calculated above-floor loss in 
Room C. 


. Vertical insulation along the inside edge of 


the foundation wall is as effective as L-type 
edge insulation. 


. At design conditions the loss from the reverse 


side of panels with edge insulation amounted 
to 20 to 23% of the total panel output. The 
reverse loss was roughly twice as great as the 
estimated heat loss through unheated floor 
slabs. 


. Calculations based on observed heat losses 


through floors indicate that at an indoor- 
outdoor temperature difference of 80 F a 
floor panel heating system would burn 10% 
more fuel than a system using radiators or 
convectors. 


. At design conditions the measured heat trans- 


fer from the panel to Room A was essentially 
the same as the calculated output obtained 
by substituting actual measured air, panel 
surface, and average unheated surface tem- 
peratures in accepted equations for the ra- 
diant and convective heat outputs of floor 
panels. 


. The apparent thermal resistance of a bare 


concrete panel of the construction tested was 
about 1.05 (F per in.) per Btuh (sq ft). 


. Covered Floor Panels 
ite 


Addition of floor coverings to bare floor 
panels reduced the ability of the system to 
maintain a constant room air temperature. 


. At design conditions of 80 F indoor-outdoor 


temperature difference the maximum differ- 
ence in room air temperature between the 
levels 3 in. above the floor and 3 in. below the 
ceiling was 3.5 F. 


. When operating with covered floor panels, 


the exposed wall surface temperature was 
about 8 F lower and the average unheated 
surface temperature (AUST) was about 4 F 
lower than the room air temperature meas- 
ured at the center of the room 30 in. above 
the floor. 


4. The carpeting caused an increase in the floor 


10. 


surface temperature along a line toward the 
center of the room and smoothed out the heat 
flow profile from the panel to the carpet. 


. Due to heat storage in the ground at design 


conditions, covering the floor panels with any 
type of carpeting made pronounced increases 
in the reverse loss from the panel, the re- 
quired water temperature, and the boiler size. 
In mild weather the opposite effects were ob- 
served with a net result that carpeting of 
floor panels caused no appreciable increase in 
seasonal fuel consumption. 


. Because of the large increase in water tem- 


perature required when carpeting is applied 
over floor panels, it may be impossible to 
balance floor panel systems in which carpet- 
ing is used in some rooms only, unless the 
piping is arranged to permit zoning with the 
use of more than one water temperature. 


. At design conditions the measured panel out- 


put was from 7 to 18% greater than the cal- 
culated panel output. For a given panel 
minus room-air temperature difference, the 
panel heat output to rooms which had more 
severe exposures were 15 to 20% greater than 
outputs in rooms with less glass area. 


. The thermal resistance of the combinations 


of carpeting and pads tested ranged from 
0.204 (F per in.) per Btuh (sq ft) for the 
rubber pad alone to 0.96 (F per in.) per 
Btuh (sq ft) for the heavy carpet and 40 oz 
jute pad. 


9. The thermal resistance of both the asphalt 
tile and the rubber tile was about 0.05 (F per 
in.) per Btuh (sq ft). 

Floor coverings such as asphalt tile or rubber 
tile which have a thermal resistance of 0.2 
(F per in.) per Btuh (sq ft) or less had a 
negligible effect on the performance of floor 
panel systems. 


{1, 


The relative humidity in the room which had 
a carpet and pad was consistently greater 
than the room floored with asphalt tile, indi- 
cating that there was probably more water 
vapor coming through the concrete floor slab 
in this room. 


C. Ceiling Panels 


i 


While the ceiling panels were able to main- 
tain warm floors over most of the room area, 
they could not adequately heat the floor 
along the exposed walls. 


. An indoor air temperature of 72 F could be 
maintained in Room B at all outdoor tem-. 


peratures above —10 F. In Room A the 
system was unable to maintain an air tem- 
perature of 72 F at outdoor temperatures 
below about 25 F. This resulted from a poor 
bond between plaster and coils. 


. Tests in the room with the coil below the 


lath (Room B) showed that the water tem- 
perature gradually increased with decreasing 
outdoor temperatures. The average water 
temperature reached 140 F at an outdoor 
temperature just under —10 F, which agreed 
with design assumptions. 


. In the room with the coil above the lath 


(Room A) the water temperature increased 
to 140 F when the outdoor temperature was 
about 25 F. 


. At design conditions the energy input to the 


ceiling panel in Room B was about 8% 
higher than that required for the floor panel. 


. The seasonal fuel consumption of the Room 


B ceiling panel system was 27% higher than 
that of the floor panel system for the same 
room. 


. With the attic heated to 60 F, the reverse loss 


from the ceiling panel in Room B at design 
conditions was about 39% of the total heat 
input to the water. With attic temperature 
uncontrolled, the reverse loss at design con- 
ditions was about 48% of the total heat input. 
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I. EQUIPMENT AND TEST CONDITIONS 


1. Project History 


This is the fourteenth publication prepared un- 
der a cooperative agreement between the Institute 
of Boiler and Radiator Manufacturers and the 


‘University of Illinois which was approved January 
2, 1940. Under the terms of the agreement the 
~ Institute is represented by a Research Committee 
consisting of engineers active in the heating indus- 


try. One of the functions of this committee is to 
propose problems for investigation that are of the 
greatest concern to the manufacturers and installers 
of steam and hot water heating equipment. From 
these problems the Engineering Experiment Station 
staff selects for study those which can best be in- 


\ vestigated with the facilities and equipment avail- 


able at the University. The Institute provides funds 
for a major part of the research work. 

In. 1951 the Institute of Boiler and Radiator 
Manufacturers agreed to include a panel heating 
project in the steam and water heating research 
program, provided the work would not duplicate 


that then being done by the American Society of 


Heating and Air-Conditioning Engineers. While 
the panel heating research at the University was 
never Officially a part of the ASHAE program, both 
the proposed research outlines and the results ob- 
tained were submitted to the ASHAE Technical 
Advisory Committee on Panel Heating and Cooling 
for review. This practice was most helpful in de- 
veloping the program and in coordinating this work 
with the work being done at the ASHAE Labora- 
tory. 

The authors wish to acknowledge the assistance 
of the Small Homes Council, a division of the Uni- 
versity, which made available the laboratory and 
many of the instruments used in the tests. The 
authors also thank those companies which supplied 
equipment and instruments. 


2. Floor Slab Laboratory 


The Floor Slab Laboratory, shown in Figs. 1, 2, 
and 3, was constructed in 1947 to study methods of 
insulating unheated concrete floor slabs.“’* In 1951 


* Exponent numerals refer to corresponding entries in References. 


Fig. 1. Floor Slab Laboratory 
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Fig. 2. Heating System Details 


the building was modified to facilitate the investi- 
gation of hot water panel heating using 34-in. 
welded steel pipe embedded in concrete floor slabs 
and nominal %-in. copper tube embedded in the 
plaster ceilings. Rooms A, B, and C were exposed 
only to the north, while Room D had both north 
and east exposures. Rooms A and B had one win- 


dow each, which had an area equal to 10% of the 
floor area, while Rooms C and D each had two such 
windows. All windows were located in the north 
wall; thus, the effect of solar radiation was mini- 
mized. A summary of the over-all heat transfer 
coefficients and design heat losses for each room is 
given in Table 1. The walls between the rooms were 
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Table 1 
Heat Loss Data 
Based on indoor temperature =70 F, outdoor temperature= —10 F 
Construction Thermal Design Heat Loss, Btuh 
Conductance, Room A Room B Room C Room D 
Btu per hr 
(sq ft) 
(F per in.) 
Floor 0.69* 800 800 800 1,450 
Walls 0.16 1,230 1,230 970 2,160 
Ceiling 0.08 1,080 1,080 1,080 1,080 
Windows 1.13 1,810 1,810 3,620 3,620 
Infiltration 0.61+ 1,100 1,100 1,100 1,100 
Total Heat Loss 6,020 6,020 7,570 9,410 
Required Panel Area 
(50 Btub per sq ft) 120 120 151 188 
Panel Area Used sq ft 116 116 145 169 


* Btuh per lin ft of exposed edge. 
+ Air changes per hr, 


thoroughly insulated to minimize any heat transfer. 
The test room floors were separated by 6 in. of 
cellular glass insulation which extended from the 
floor surface into the ground to a depth of 4 ft. 
The insulation between the corridor and test room 
floors extended to a depth of 2 ft. 

The three methods of insulating the floor slabs 
studied in this investigation are shown in Fig. 3. 
The insulation used consisted of cellular glass hav- 
ing a thermal conductivity of 0.42 Btu per hr (sq 
ft) (F) per in. of thickness. A 4-in. layer of coarse 
gravel under the floor provided suitable draimage 
and minimized the capillary rise of moisture from 
the soil. A duplex kraft paper was placed over the 
gravel fill for a membrane dampproofing. All the 
joints were lapped and then sealed with cold tar. 
The soil under and adjacent to the Laboratory con- 
tained 3 ft of fill which was primarily a silty clay 
composed of approximately 18% clay, 53% silt, 
24% sand, and 5% gravel over approximately 1 ft 
of the original black silty clay top soil. The normal 
grade level around the building was 8 in. below the 
finished floor and sloped away from the building 
for proper drainage. 


3. Heating System 


A hot-water floor panel heating system was in- 
stalled in each test room. The panels were designed 
in accordance with the I=B=R Installation Guide 
No. 6,° They consisted of 34-in. welded steel pipe 
on 12 in. centers and were located so that the top 
of the pipe was 2 in. below the surface of the floor. 
In order to vary the output of the panel in con- 
formity with the design heat loss of the room, vari- 
ous portions of the total coil length were by-passed 
by means of an arrangement of valves. The next to 
last line of Table 1 shows the required panel area 
in each room based on a heat emission rate of 50 


Fig. 4. Photograph of Heating Equipment in Corridor 


Btuh per sq ft. The last line gives the active panel 
area used during the tests. In each room hot water 
was supplied to the panel at the outside wall. Each 
test room was provided with its own electric water 
heater, watt-hour meter, circulating pump, neces- 
sary piping, and control system. A schematic dia- 
gram of the heating system is shown in Fig. 2, 
while Fig. 4 is a photograph showing the portion of 
the test room heating equipment located in the 
corridor. 

Test Rooms A and B were provided with ceiling 
panel heating systems as well as the floor panel 
systems Just described. The ceiling panels also were 
designed in accordance with I=B=R Installation 
Guide No. 6 and consisted of nominal 14-in. copper 
tube located on. 6-in. centers. The first coil was 
located 3 in. from the outside wall. I=B=R In- 
stallation Guide No. 6 assumes a heat emission rate 
of 60 Btuh per sq ft of ceiling panel area, and on 
that basis each room required an active panel area 
of 100 sq ft, a panel the width of the room and 
extending from the outside wall inward a distance 
of 7 ft. In order to reduce friction loss, the coils in 
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Fig. 5. Diagram of Piping Arrangement in Ceiling of Rooms A and B 


each panel were divided into parallel circuits. De- 
tails of the construction of the ceiling panels are 
shown in Figs, 5 and 6. 


4. Floor Coverings 


At the beginning of the 1952-53 heating season, 
rubber tile was installed on the floor of Room A and 
asphalt tile was installed in Room B. Both types 
of tile consisted of 9-in. by 9-in. by 14-in. squares. 
An experienced tile setter installed the tile accord- 
ing to the manufacturer’s recommendations as to 


adhesives and methods of installation. After the 
tile was laid, a coat of wax was applied. 

Two types of carpeting and three pads were 
used for the tests reported here; the manufacturer’s 
specifications are given in Table 2. These carpets 
and pads were cut to room size and installed by 
competent tradesmen. The carpets and pads were 
selected in consultation with members of the Car- 
pet Institute, Inc., as being representative of the 
types of carpeting most commonly used in modern 


residences. 
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Fig. 6. Photograph of Cross Section through Ceiling Panels 
in Rooms A and B 


In order to correlate panel performance with the 
type of floor covering used, the thermal conductance 
of the various floor coverings had to be determined. 
A survey of the literature indicated that there is no 
official standard test procedure for determining the 
thermal properties of textiles, but several methods 
of using the hot plate apparatus have been pro- 
posed, 4 5) 

The thermal conductances of the floor coverings 
used in these tests were determined in a standard 
guarded hot plate apparatus“? using the test pro- 
cedure outlined by the American Society of Testing 
Materials. The distance between the hot and cold 
plates was made equal to the measured thickness of 
the sample as laid on the floor. The thermal con- 
ductivities of the asphalt tile, rubber tile, carpets, 
and pads were determined by hot plate tests both 
individually and in combinations. The results are 
shown in column 4, Table 2, while the thermal con- 
ductivity supphed by the manufacturer is given in 
column 5. 


5. Instrumentation 


Complete instrumentation for temperature 
measurement was provided, consisting of approxi- 
mately 800 copper-constantan thermocouples which 
were used to measure the temperatures of room air, 
heated and unheated room surfaces, attic air, out- 
door air, and water in the system. Along the center 
line of each room, perpendicular to the north wall, 
a large number of thermocouples were placed in the 
ground and under the surface of the concrete slab. 


Table 2 
Floor Covering Data 
Code Description Used Thermal 
: in Conductance, 
Room Btuh per 
sq ft (F) 
Hot Manu- 
Plate —_ fac- 
Test turer 
(1) (2) (3) (4) (5) 
A. Heavy Carpet 216 pitch to 27 in. width 1,28 


(embossed Wilton) 8 rows to 1 in. 
3 ply wool straight yarn 
2 ply wool twist yarn 
2 shot 
2 frames 
total thickness = 0.388 in. 


216 pitch to 27 in. width WR Yea) 
7 rows to 1 in. 
2 ply wool yarn 


B. Light Carpet 
(velvet twist) 


2 shot 
total thickness = 0.300 in. 
C. Heavy Pad hair and jute Cc 0.91 
40 oz per sq yard 
D. Light Pad hair and jute eer 6 
32 oz per sq yard 
E. Rubber Pad sponge rubber, smooth D 2.52 
surfaces 
Y in. thick 
F. Heavy Carpet and C 0.54 
Heavy Pad O25s5 
G. Heavy Carpet and A 0.64* 
Light Pad 
H. Heavy Carpet and D 0.85* 
Rubber Pad 
I. Light Carpet and 0.60* 
Heavy Pad . 
J. Light Carpet and Cc 0.66 
Light Pad 0.73* 
K. Light Carpet and 1.01 
Rubber Pad D fh-03* 
L. Asphalt Tile 9” x 9” x iy” B 19.6 36.0 
M. Rubber Tile 9” x 9” x iY” A 2151 36.0 
* Computed. 


Along these same center lines, thermocouples were 
located across the rooms at intervals of 6 in. on the 
top surface of the floor slabs. During tests in which 
floor coverings were used, thermocouples were lo- 
cated at the top surface of the floor covering at a 
sufficient number of points to obtain a representa- 
tive measure of the surface temperature. 

In Rooms A and B the thermocouples were in- 
stalled in the top surface of the tile by cutting a 
very small groove and embedding the leads in the 
groove so that the top of the junction and the leads 
were flush with the tile surface. A coat of cellulose 
cement assured good thermal bond between the tile 
and the thermocouple junction. The thermocouples 
measuring the temperature of the top surface of 
the concrete floor slab were installed in the same 
way. When the slabs were covered with floor tile, 
the leads for the thermocouples located on the slab 
surface were brought into the room at joints be- 
tween floor tiles. Surface couples on the carpeting 
were pressed slightly into the pile of the carpet. 

Number 24 AWG wire was used for all thermo- 
couples except those used to measure surface tem- 
peratures, which were made from 30 AWG copper 
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and 28 AWG constantan wire. Surface couples 


were installed so that at least 3 in. of lead wire on 


each side of the junction was in contact with the 
surface whose temperature was to be measured. 
Forty-four heat flow meters of the type devel- 
oped at the ASHAE Research Laboratory,’ made 
and calibrated at the University of Illinois, were in- 
stalled both on the top surface of the concrete floor 
slabs and under the gravel fill. Ten commercial 
heat flow meters were installed at the edges of the 
floor slabs in order to determine edge losses. Other 


_ instruments were provided to measure the relative 


humidity, electrical input to the immersion heaters 
and control circuits, water flow rates, and level of 


the water table under the building. Continuous 


records of the more important temperatures and 


heat flow rates were obtained by the use of two 


recording potentiometers. 

When making tests on the ceiling panels in 
Rooms A and B, the heat meters were transferred 
from the floor surface to corresponding locations 
on the ceiling. Additional thermocouples were in- 
stalled on the north-south center line of the ceilings 
to obtain representative temperatures and temper- 
ature variations. 

Auxiliary equipment included exhaust fans, 
heaters, and thermostatic controls for the attic, 
ventilating fans in the corridor, and thermostati- 
cally controlled convection heaters in the corridor 
and instrument room. 


6. Operating Conditions 


For all the tests conducted with bare floor 
panels, the electric water heaters were adjusted to 
a heat input rate equal to 1.3 times the estimated 
design heat loss of the room it served. This was 
done to simulate the normal piping and pickup 


PERFORMANCE OF HOT WATER PANEL HEATING SYSTEMS 15 


factors. It was necessary to make some increases 
in the heat input rate to floor panels which were 
covered with carpeting, and in some instances the 
heat input rate to ceiling panels had to be increased 
also. A high limit control was provided in each 
system. For the tests with bare floor panels it was 
adjusted to turn off the heater whenever the leaving 
water attained a temperature of approximately 
130 F. Higher water temperatures were required 
for the tests in which either carpeting or ceiling 
panels were used. For these tests the setting of the 
limit control was adjusted accordingly. Continuous 
operation of the circulators was used while the 
operation of the electric water heaters was con- 
trolled by room thermostats set to maintain a con- 
stant air temperature of 72 F at the 30-in. level. 
Locations of room thermostats are shown in Fig. 2. 

The corridor floor was maintained at the same 
temperature as that of the adjoining test room 
floor by manual regulation of the voltage supplied 
to electric cables embedded in the corridor floor. 
The temperature of the air in the corridor was 
kept approximately the same as that in the test 
rooms by means of thermostatically controlled con- 
vection heaters. Except for certain ceiling panel 
tests, the temperature of the air in the attic was 
maintained at a constant value of 60 F by thermo- 
static control. 

Complete thermocouple and meter readings for 
each room were taken several times each day, and 
the more important data were recorded over 24-hr 
periods. 

Several special tests were made in which the 
operating conditions differed from those just de- 
scribed. Operating conditions for these tests are 
described along with the discussion of the test 
results. 


Il. RESULTS OF FLOOR PANEL TESTS 


7. Bare Floor Panels 


a. Heat Flow from Panel vs. Energy Input to 
Water — Heat flows from a heated floor slab in 
three directions — upward into the room, down- 
ward to the ground or crawl space, and horizontally 
from the exposed edge to the outdoors. Therefore, 
heat meters were installed on the top surface, along 
the exposed edge, and under each floor slab in 
positions where the heat flow rates were believed 
to be representative of those for the total respective 
areas (Fig. 3). Thus the total heat flow in any 
direction could be determined by multiplying the 
respective area by the average heat flow rate in 
that direction. The total flow from the panel was 
the sum of the total flows in each of the three 
directions. 

The energy input to the water from the heater 
and the pump motor was equal to the total heat 
output of the panel plus the heat loss of the con- 
necting piping. Water temperatures were taken at 
the inlet and outlet of the heater and at the inlet 
and outlet connections to the panel. It was found 
that the heat loss from the insulated connecting 
piping was negligible. The heat loss through the 
walls of the heater could not be measured, but since 
the heater consisted of about 2 ft of well-insulated 
2-in. pipe and since the average water temperatures 
ordinarily were less than 130 F, this heat loss 
should not exceed 30 Btuh, which is negligible. It 
was concluded that the total energy input to the 
water was also a good measurement of the total 
heat output of the panel. 

Over a wide range of outdoor temperatures the 
total heat output of the floor panel in each room 
was determined from the heat meter readings, and 
the total energy input was obtained from the read- 
ings of the watt-hour meters in the heater and 
pump motor circuits. It was assumed that 60% 
of the energy input to the pump motor was utilized 
in raising the water temperature. Table 3 sum- 
marizes the observations made in each of the four 
test rooms. 

With the exception of Room C, the two methods 


Table 3 


Comparison of Panel Outputs as Measured by 
Heat Meters and Electric Meters 


Indoor- Panel Output, Room A Panel Output, Room B 
Outdoor Watt- Heat 0 Watt- Heat % 
Temperature Hour Meter, Diff. Hour Meter Diff 

Difference, Meter Btuh Meter Btuh 
F Btuh Btuh 

20 1130 1250 41.1 1330 1460 +9.8 

40 2280 2220 —0.3 2770 2790 +0.7 

60 3420 200 —6.4 4180 4060 —2.9 

80 4540* 4220* —7.1 5580* 5350* —4.1 

Panel Output, Room C Panel Output, Room D 

20 1450 1410 —2.8 1800 1980 +10.0 

40 3450 3050 —11.7 3980 3810 —4.3 

60 5400 4660 —13.7 6120 5600 —8.5 

80 7400* 6300* —14.9 8350* 7500* —10.2 


* Extrapolated values. 


of measuring the total heat output of the panel 
agreed within 10%. One heat meter in Room C was 
located on the boundary of the active and inactive 
panel areas. This condition did not exist in the 
other rooms. The heat output rate changed rapidly 
along this line, and it is quite probable that the 
readings of this meter were not representative of 
the heat flow from the active panel area. Had this 
meter been located entirely within the active panel 
area in Room C, the heat meter and electric meter 
data might have been in better agreement. 

Except at low indoor-outdoor temperature dif- 
ferences, the heat flow as measured by the heat 
meters was consistently lower than the heat equiva- 
lent of the energy input to the electric heaters and 
of the work done by the pumps. A slight difference 
in this direction was to be expected, sincé the 
energy input to the heaters included the small loss 
which occurred from the heater wall and piping 
between heater and panel. On the other hand, the 
heat meter readings covered only a small, percent- 
age of the total panel area. The assumption that 
the heat flow rate determined from this small 
sampling was representative of the total heat flow 
of the panel could result in inaccuracies. 

Because of the lack of test points at high in- 
door-outdoor temperature differences, it was neces- 
sary to extrapolate data for all rooms to design 
conditions. This extrapolation could account for 
part of the discrepancies at high indoor-outdoor 
temperature differences. 
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Total power to water by electric meters, 
thousands of Btu per hr 


60 80 


Indoor - outdoor temperature difference, deg F 


Fig. 7. Total Heat Output of Panels 


In practically every instance the agreement was 
within 10% for the two methods of measurement, 
which indicated that instrumentation was adequate. 
Since there appeared to be fewer chances of error 
in the measurements of heat flow based upon the 
electrical input to the system, this method of meas- 
urement was used for the total heat flow; the heat 
meter data were used to proportion the flow from 
_ the panel in each direction. 


b. Distribution of Heat Flow from Bare Floor 
. Panels — Figure 7 shows the total heat flow from 
the panel of each room as measured by the electric 
meters in the pump motor and heater circuits. 
Figure 8 shows the percentage distribution of the 
total heat flow in each direction from each of the 
panels as measured by the heat meters. These 
curves are based on conditions of operation by 
which the rooms were maintained at a constant 


temperature of approximately 72 F at the 30-in. 
level. 

From Fig. 8 it may be observed that for all 
indoor-outdoor temperature differences in excess of 
30 F the division of heat flow from the panels in 
all four rooms was about the same, with the useful 
heat into the room being 3 to 5% higher in Room A 
than in the other rooms. At indoor-outdoor temper- 
ature differences of less than 30 F there were wide 
differences in the division of the heat flow from the 
different panels with Rooms A and B showing a 
greater proportion of the total heat being supplied 
to the rooms. 

Actual heat flow in any direction from a panel 
may be obtained by multiplying the total heat flow 
at any given indoor-outdoor temperature difference 
as read from Fig. 7 by the corresponding percentage 
value read from Fig. 8. Table 4 has been con- 
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Fig. 8. Percentage Distribution of Total Panel Output 


Table 4 


Upward Heat Flow from Panels Compared 
with Calculated Heat Losses 


Indoor-Outdoor Temperature Difference =80 F 


Room A Room B Room C Room D 
Calculated Above Floor Loss 


(Unheated Attic), Btuh 5,200 5,200 6,770 7,950 
Caleulated Above Floor Loss 

(Heated Attic), Btuh 4,300 4,300 5,850 7,040 
Calculated Total Loss 

(Unheated Attic), Btuh 6,020 6,020 7,540 9,410 
Calculated Total Loss 

(Heated Attic), Btuh 5,100 5,100 6,650 8,490 
Total Heat Flow from Panel 

(Fig. 7) 4,580 5,600 7,400 8,350 
Upward Heat Flow in Per Cent 

of Total (Fig. 8) 82 76 79.5 78.5 
Measured Upward Heat Flow 3,760 4,260 5,880 6,550 
Ratio of Total Heat Flow from 

Panel to Total Calculated Loss 0.90 1.10 lesa! 0.99 


(Heated Attic) 


Ratio of Upward Heat Flow 
to Above Floor Loss 0.87 0.99 1.01 0.93 


structed in this manner for a temperature difference 
of 80 F in order to compare the measured heat flow 
into the rooms with the calculated heat losses. The 
total measured heat flow from the panels ranged 
from 90% of the total calculated heat loss of 
Room A to 111% of the calculated loss of Room C. 
The measured upward heat flow from the panels 
ranged from 87% of the calculated above floor heat 
loss in Room A to 101% of the calculated above 
floor heat loss in Room C. 

It should be pointed out that the construction 
of Room A and Room B was supposedly the same, 
and, therefore, the calculated heat losses were the 
same; however, the measured upward heat flow 
from the panel in Room B was about 138% higher 
than that of the panel in Room A. Later investiga- 
tion revealed some torn insulation in the wall of 
Room B and one small wall area with no insulation. 
After this was repaired, the measured heat inputs 
to Rooms A and B were in better agreement. All 
of the tests on bare floor panels were made prior 
to the time the wall insulation in Room B was 
repaired. While the condition of the insulation had 
some effect on results obtained, the effect was not 
of sufficient magnitude to alter conclusions drawn. 

While Fig. 8 indicated that there was a large 
difference in the heat flow downward and from the 
edge of the panels at low indoor-outdoor tempera- 
ture differences, the difference in absolute values 
was small. 

In order to make a true comparison of the 
effectiveness of the insulation, the data had to be 
integrated over the whole range of outdoor temper- 


atures. The first two columns of Table 5 show the 


——— 
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Table 5 


Seasonal Reverse Losses from Panels 
(Edge and to Ground, based on electric meter data.) 


Avg. Outdoor Avg. No. Days Type A 
Temp., F per Heating Subfloor Total Loss, Btu 
Season Loss, per Heating 
Btu/day Season 
—10 to —5 OR 18,900 3,780 
— 5to 0 0.4 18,130 7,250 
Oto 5 0.8 17,200 13,750 
5 to 10 22 16,420 36,200 
10 to 15 4.6 15,550 71,500 
15 to 20 7.6 14,900 113,200 
20 to 25 13.6 14,020 190,800 
25 to 30 25.4 13,100 333 ,000 
30 to 35 33.8 12,250 414,000 
35 to 40 30.0 11.410 343 ,000 
40 to 45 23.4 10,200 238,000 
45 to 50 22.6 9,040 204 ,000 
50 to 55 20.8 7,870 163 ,000 
55 to 60 19.8 6,620 131,000 
60 to 65 22.0 5,220 115,000 
65 to 70 19.0 Or Meee | Ue RS es, oe 
Totals 246.2 2,377 ,480 


Difference from Room A 


average outdoor temperature conditions experienced 
in Urbana, Illinois, from 1936 to 1949 for the 
months of January, February, March, April, May, 
September, October, November, and December. The 
rest of the table indicates the total reverse losses 
on a heating season basis based on Figs. 7 and 8. 
These values were totaled and the differences taken. 
The reverse loss of the panel in Room B exceeded 
that of Room A by 623,120 Btu per heating season, 
while the reverse loss in Room C exceeded that of 
Room A by 1,609,930 Btu per season. Assuming a 
seasonal operating efficiency of 70%, these in- 
creases in the reverse losses represent yearly in- 
creases in the seasonal fuel consumption of 8.9 and 
_ 23.0 therms of gas or 6.4 and 16.4 gal of fuel oil 
(140,000 Btu per gal), respectively. This small 
saving obviously does not warrant the additional 
expense of providing insulation under the entire 
slab. 

In order to make fair comparisons of subfloor 
losses for the two types of edge insulation used in 
Room B and Room C at the same indoor-outdoor 
temperature differentials, the following conditions 
should exist: 


1. The average water temperature in the panels 
should be equal. _ 

2. The panel areas should be equal. 

3. The above floor room characteristics should 
be the same. 

4. The ground conditions should be the same. 


The same design water temperature was used 
in each room, and, therefore, for any operating 
condition the water temperatures were approxi- 
mately the same for each room. Ground conditions 


Type B Type C 
Subfloor Total Loss, Btu Subfloor Total Loss, Btu 
Loss, per Heating Loss, per Heating 
Btu/day Season Btu/day Season 
30,300 6,050 35,700 7,130 
28,400 11,350 34,200 13 ,680 
27,000 21,600 32,100 25,700 
24,900 54,800 30,500 67 ,200 
23,100 106 ,300 28,500 131,200 
21,450 163 ,000 26,400 202 ,000 
19,950 271,500 24,500 333 ,500 
17,900 455 ,000 22,800 579 ,000 
16,150 545 ,000 20,700 700,000 
14,400 432 ,000 18,900 567 ,000 
12,150 284,000 16,800 393 ,000 
10,600 239 ,000 15,400 348 ,000 
8,400 175,000 12,700 264,000 
6,720 133 ,000 10,300 204 ,000 
4,680 103 ,000 6,930 152,000 
PASO 6). ee ales ASS0O) SR satne 
3,000,600 3,986,810 
623 ,120 1,609 ,330 


were as uniform as it was possible to make them, 
and since normal variations in the film coefficient 
on the room side of the panel would produce only a 
very small change in the downward heat flow, only 
the difference in the panel area could have an 
appreciable effect upon its magnitude. 

The panel area in Room C exceeded that used 
in Room B by 29 sq ft. This additional area was 
located on the side of the room opposite the ex- 
posed edge. A test at an average outdoor temper- 
ature of 26 F indicated that the increase in down- 
ward heat flow amounted to 1.9 Btu per hr for 
each sq ft of additional panel area. Assuming this 
to be a representative average value for a winter 
consisting of 246 days, the downward heat flow from 
the panel in Room C corrected to the panel area 
used in Room B would be 3,987,410 — (1.9 XK 24 X 
29 X 246) = 3,662,100 Btu per heating season as 
compared to 3,000,600 Btu per heating season for 
Room B. Thus, the insulation used for Room C 
appears to be about 3,000,600/3,662,100, or 82% as 
effective as the insulation used in Room B in re- 
ducing downward heat flow. The difference in the 
seasonal reverse loss was 3,662,100 — 3,000,600, or 
661,500 Btu. At 70% efficiency this is equivalent 
to 9.2 therms of gas or 6.7 gal of oil. Obviously, 
this difference is of no economic value. 

c. Reverse Losses from a Heated Floor Slab — 
Figure 8 shows that at design conditions of 80 F 
indoor-outdoor temperature difference, the down- 
ward heat flow in Rooms B and C amounted to 
19.0 and 16.5% of the total heat output of the 
panels, respectively. The heat loss at the edge of 
both panels was 4% of the total. Thus 23.0% of 
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Table 6 
Heat Losses of Heated and Unheated Floor Slabs 


A 
Unheated* Slab 50F 
Floor Panel 104 
Difference 54 
*1953 ASHVE Guide, pp. 252-253. 
+ Estimated. 


the total output of the panel in Room B and 20.5% 
in Room C was lost directly to the ground or to the 
outdoors without being of value to offset the above 
floor heat losses of the rooms. This is commonly 
referred to as the reverse loss from the panel. 

At the design condition, the total heat flow from 
the panels as determined from Fig. 7 was 5,600 
Btuh in Room B, and 7,400 Btuh in Room C. The 
reverse losses were 23.0 and 20.5% of these values 
or 1,290 and 1,515 Btuh, respectively. After cor- 
recting for the difference in panel areas in Rooms 
B and C, the reverse losses were 1,340 and 1,515 
Btuh, respectively, based on the panel area of 
Room C. These reverse losses are equivalent to 93 
Btuh per lin ft of exposed edge for Room B and 
104 Btuh per lin ft of edge in Room C. Table 6 
shows the heat loss, expressed in Btuh per lin ft 
of exposed edge, from both unheated slabs and con- 
crete floor panels of various types of construction. 
The losses from the unheated floor slabs were cal- 
culated from the data in the 1953 ASHVE Guide. 
A comparison of the 1-in. vertical type insulation 
shown in Column C indicates that the reverse loss 
for the concrete floor panel was 43 Btuh per lin ft 
of exposed edge in excess of that for an unheated 
slab. As apphed to Room C, this would amount to 
43 X 14.5 or 623 Btuh total reverse loss over that 
for an unheated slab. Thus at a design condition 
of 80 F indoor-outdoor temperature difference, 
the fuel required to heat Room C by a concrete 
floor panel system when using vertical insulation 

623 
(7400 — 623) 
that required to heat with a more conventional 
system. The loss for an unheated slab using the 
1-in. edge insulation shown in Column A would be 
somewhere between 45 and 55 Btu per lin ft. Using 


would be X 100 or 9.2% greater than 


a value of 50 and comparing it with 104 for a con- 
crete floor panel with the edge insulation shown in 
Column A, the fuel required to heat Room C at 
design conditions by a concrete floor panel system 
would be fet B 
(7400 — 783) 
than that required to heat with a more conventional 
system utilizing the same edge insulation. 


x 100 or 11.8% greater 


d. Floor Surface Temperatures and Heat Flow 
—Floor surface temperatures were obtained by 
means of thermocouples installed on 6-in. centers 
on a line perpendicular to the north wall and pass- 
ing through the center of the room. These thermo- 
couples were arranged so that they were located 
alternately over and midway between coils. 

Figure 9 shows a plot of the heat flows and 
floor surface temperatures for each of the test rooms 
at a time when the outdoor temperature was 26.7 F. 
For any one panel the maximum variation in floor 
surface temperature between adjoining active tubes 
was about 3 F, while the average surface temper- 
ature across the panel remained practically con- 
stant. Even though there was little change in the 
floor surface temperature across the panel, the 
upward heat flow as measured by the heat meters 
varied from about 15 Btuh per sq ft at the center 
of the room to about 25 Btuh per sq ft near the 
window. To determine how much of this increase 
might be assigned to increased radiation and how 
much to increased convection due to the presence 
of the window, a piece of insulation board 4 ft high 
by 8 ft long was placed in a vertical position be- 
tween the windows in Room D and the heat meters 
nearest to the outer wall. With the bottom located 
8 in. above the floor, the baffle offered very little 
resistance to normal convection currents over the 
floor, but it did shield the heat meters from the 
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Fig. 9. Heat Flow Rates and Panel Surface Temperatures 


radiation effects of the windows and most of the ex- 
posed wall. Dropping the baffle to the floor not 
only shielded against radiation effects, but also 
prevented the circulation of cool air from the 
window and exposed wall over the floor in the area 
of the heat meter location. 

The effect of the baffle location on the heat 
meter readings is shown in Table 7. When the heat 
meters were exposed to the window (no baffle), the 
average upward heat flow rate was 26 Btuh per 
sq ft. With 8 in. clearance between the bottom of 
the baffle and the floor, the average upward heat 
flow was reduced to 21.6 Btuh per sq ft, and with 
the baffle located in contact with the floor, the 
upward heat flow was reduced to 16.1 Btuh per 
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Table 7 


Effect of Radiation and Convection 
on Heat Flow from Panel 
Btuh per sq ft 


Meter Meter Average 
U-24 V-17 
Heat Meters Exposed to Windows 2508 26.3 26.0 
Baffle Between Heat Meters and Window, 
8 in. Clearance Between Floor and Baffle 21.9 21.4 21.6 
Baffle Between Heat Meters and Window, 
No Clearance Between Floor and Baffle 1575 16.8 16.1 
sq ft. In other words, increased radiation to win- 


dows and cold wall accounted for about 45% of 
the total increase in upward heat flow from the 
panel near the windows and convection currents 
accounted for about 55% of the total increase. 

These readings indicate that a floor panel sys- 
tem has the desirable characteristic of automati- 
cally increasing the heat output rates in areas 
adjacent to points of high heat loss from the room. 
For a given floor panel surface temperature and 
room air temperature, one could expect a somewhat 
higher output per sq ft of panel area in an uninsu- 
lated room or one with large glass area than in a 
fully insulated room with limited glass area. 

The average effective panel surface temperature 
for each room was obtained by averaging the read- 
ings of all floor surface thermocouples located on 
the heated portion of the floor. For each room this 
average temperature was plotted against the in- 
door-outdoor temperature difference corresponding 
to the time the readings were taken (Fig. 10). The 
maximum difference in the average panel surface 
temperature for all rooms was about 3 F at any 
indoor-outdoor temperature difference. Some dif- 
ference would be expected, since the installed panel 
area was based upon the calculated heat loss of the 
room and since the ratio of the actual heat loss to 
the calculated heat. loss ranged from 0.90 for 
Room A to 1.11 for Room C. It is also true that 
the panel surface temperatures as measured on the 
north-south center line of the rooms were not 
necessarily the same as at other points in the 
rooms. This was especially true in Rooms A and B 
where the effect of the smaller window area on the 
floor temperatures was greater along the center line 
of the rooms than toward the sides of the rooms. 
It is probable that had the instrumentation in each 
room been adequate to obtain the true average 
panel surface temperature for the entire panel area, 
the difference between rooms would have been even 
less than that indicated in Fig. 10. 

The panel surface temperatures as measured in 
Rooms B and C were accepted as being representa- 
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Fig. 11. Panel Outputs to Rooms 


tive of the true average for each of the four test 
rooms, in that the curves for these rooms were the 
mean of all four rooms with only a 1.5 F deviation 
from the extremes. 

The curves of Fig. 11 were constructed by 
dividing the upward heat flow from each panel 
(Figs. 7 and 8) at any given indoor-outdoor tem- 
perature difference by the panel area and plotting 
the quotient against the corresponding panel sur- 
face temperature as obtained from the mean of the 
curves in Fig. 10. 


These curves show the relationship between 
panel output to the test room and panel surface 
temperature. At a design condition of 80 F indoor- 
outdoor temperature difference, the average panel 
surface temperature for all rooms was taken at 
86 F, while the panel output varied from 32.4 Btuh 
per sq ft for Room A to 40.6 Btuh per sq ft for 
Room C. 

The output of the panel in Room B was higher 
than that of Room A, while the calculated heat 
losses of the two rooms were the same. Due to 
faulty insulation, the actual heat loss of Room B 
was higher than that of Room A. Since the two 
rooms had the same panel area, it follows that the 
heat emission rate from Panel B must have been 
higher than that of Panel A, either as a result of 
higher operating temperature or of an increase in 
radiation because of the lower wall surface temper- 
ature over the poorly insulated area. Had the insu- 
lation in Room B been identical to that in Room A, 
the curve for Room B in Fig. 11 would have ap- 
proached that for Room A. 

It can be seen that at design conditions the 
output of the panels in Rooms C and D with two 
windows each was 20 to 25% greater than the out- 
put of the panel in Room A which had only one 
window. This is in agreement with the results of 
the special test showing the effect of windows on 
panel output. 

The circle plotted at design conditions in Fig. 11 


NE eee 


Bul. 453. PERFORMANCE OF HOT WATER PANEL HEATING SYSTEMS 23 


was obtained by using the following formulas as 
found on pages 555 and 556 in the 1953 ASHVE 
Guide. 


de = 0.81 (t, — ty)” (1)* 


and the radiation is given by®» 


#=0182[(s95) Gor) ]  @ 


and qi=qe+4r 


where qg, = heat transfer by convection in Btuh 
per sq ft 
qr = heat transfer by radiation in Btuh per 
sq ft 
q@ = heat transfer, total, in Btuh per sq ft 


t; = panel surface temperature in F (86F) 
tg = air temperature in F (72F) 
T, = panel surface temperature in F (abso- 


lute) (546F) 

T» = average unheated surface temperature 
of the surrounding surfaces in F (abso- 
lute) (526.5F) 


All temperatures correspond to observed conditions 
in Room A at an indoor-outdoor temperature dif- 
ference of 80 F. It can be seen that the output 
of the panel in Room A was essentially the same 
as the calculated value, while the panel outputs in 
Rooms C and D were higher than the calculated 
value by almost 20% or about 6.5 Btuh per sq ft. 
Had the actual average unheated surface temper- 
_ atures for Rooms C and D been known and used in 

calculating the panel output, the calculated output 
would have more nearly approached the test values 
for these rooms. 


8. Covered Floor Panels 


a. Water Temperatures — Water temperatures 
were measured in each test room at the inlet and 
outlet of the coils; the arithmetic mean of these 
temperatures was taken to be the average. For each 
room the average water temperatures for 24-hr 
test periods were plotted against the corresponding 
indoor-outdoor temperature difference. Figure 12 
shows two typical curves which are representative 
of curves obtained from all the test rooms. In all 

* Based on the results of tests made in the ASHAE laboratory 
this equation was revised to qc = 0.32 (tp — ta)1-*! in the 1957 Guide. 
The revised equation is for conditions of 0 infiltration. The 1957 
Guide contains emperical additions to be made to qe for different infil- 
tration rates. Using the above equation and the recommended addition 
to qe for an infiltration rate of 1% air change per hour gives results 


which are essentially identical to those obtained by the use of equa- 
tion (1). 


cases it was observed that the greater the thermal 
resistance of the floor covering, the greater the 
increase in the average water temperature for a 
given increase in indoor-outdoor temperature 
difference. 

Figure 13 shows the relationship between the 
average water temperature at an indoor-outdoor 
temperature difference of 50 F and the thermal 
resistance of the floor coverings used in Rooms C 
and D. Also indicated on the figure are the 
standard deviations of the data from the line of 
regression. With the exception of the tests con- 
ducted with the %4-in. rubber pad where only a 
relatively small number of test points were ob- 
tained, the greater the thermal resistance, the 
larger the standard deviation. 

The above floor heat output of a floor panel can 
be expressed in terms of an equivalent thermal 
transmittance and a temperature difference between 
water and room air: 


Q/A = U (ty, — ta) (3) 


where Q = above floor heat flow in Btuh 
A = panel area in sq ft 
U = equivalent thermal transmittance from 
water to room air in Btuh per sq ft (F) 
= average water temperature in F 
room air temperature in F 


| 


~~ 
a 
I 


At a 50 F indoor-outdoor temperature differ- 
ence, the above floor heat flow per sq ft of panel 
area in Room D was 22.8 Btuh. This value was 
obtained by determining the average panel surface 
temperature at 50 F indoor-outdoor temperature 
difference and the corresponding heat flow as de- 
scribed in Section 7d. The water temperature for 
tests with a bare floor panel in Room D was 96 F 
at a 50 F indoor-outdoor temperature difference 
(Fig. 12). Letting R, the equivalent thermal resist- 
ance, equal 1/U and rearranging equation 3: 


ae (tw a ta) 

Ne ia o 
Bic an 

OR arora 


For tests with floor coverings, the same equation 
applies, and R is approximated by the equivalent 
resistance of the bare floor plus the resistance of 
the floor covering. t, becomes the water tempera- 
ture obtained with the covered panel (tw). The air 


24 ILLINOIS ENGINEERING EXPERIMENT STATION 


/60 


Heavy weight carpet 
Rubber pad 
Standard deviation=3/ F 


/40 


/20 


/00 


deg F 


80 


Average water temperature, 


60 


Bare floor 
Standard deviation = 2.3 F 


/00 


80 


O /0 20 3O 


40 XY) 60 70 ‘80 


Indoor-outdoor temperature difference, deg F 


Fig. 12. Average Water Temperature, Room D, Floor Panel 


temperature and heat flow remain the same. Equa- 
tion 2 then becomes 


lipe a ‘) 
hye = —— 7 5 
Substituting for R from equation 2 yields 
twe = (Q/A) Rye + tw (6) 


or for Room D 
twe = 22.8 Ry. + 96 (7) 


Equation 7 is the equation of curve 1 in Fig. 18. 
Curve 2 has been fitted to the test points. 

With the exception of the tests with the bare 
floor panel, all the points were located below the 
theoretical line, and the points for Room C were 
the farthest removed. It is evident that the water 
temperature required for a material with a given 
thermal resistance as determined in the guarded 
hot plate apparatus was less than that theoretically 
required. This may have been the result of inter- 
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Fig. 13. Average Water Temperature vs. Thermal Resistance of Floor Covering 


mittent operation of the heater and ‘“nonsteady” 
conditions of testing. Equation 5 is based upon 
the assumption that the concrete slab with a coil 
can be replaced by a slab with a plane heat source 
such that one dimensional heat flow occurs. Also, 
differences in the surface conditions for the carpets 
as tested in the guarded hot plate and as installed 
in the test room could have resulted in differences 
in over-all thermal conductance. 

It is necessary to know only the equivalent 
thermal resistance of the bare floor panel and the 
thermal properties of the floor covering used in 
order to predict the required water temperature for 
the covered panel. In order to make the results 
(aprauee til 
(bw — ta ) 
was obtained which was plotted against the dimen- 
sionless ratio of the resistance of the floor covering 
to the equivalent resistance of the bare panel 
(Fig. 14). 

The relationship between the water tempera- 
tures and resistance of floor coverings (Fig. 13) 
was obtained at a 50 F indoor-outdoor temperature 
. difference. If straight line extrapolation to design 
conditions (80 F) can be assumed, it would be 
necessary to take the difference in water temper- 
ature for the bare and covered floor under consid- 
eration from Fig. 13 and multiply by 8/5 in order 
to obtain the water temperature difference at design 
conditions. The plot of Fig. 14 holds true regard- 
less of the indoor-outdoor temperature difference, 


more general, the dimensionless ratio 
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Fig. 14, Effect of Floor Covering on Water Temperature, 
Floor Panels 


because for two different panels the ratio of water 
to room air temperature differences is equal to the 
ratio of over-all resistance of the panels, which is 
independent of outdoor temperature. 

From Fig. 13, curve 2, the average water tem- 
perature required with a heavy weight carpet and 
40 oz pad at an indoor-outdoor temperature differ- 
ence of 50 F is 127 F. At 80 F indoor-outdoor 
temperature difference (design conditions in Ur- 
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Fig. 15. Total Heat Input to Covered Floor Panels 


bana, Illinois), the required water temperature 
would be 72 + 8/5(127 — 72) or 160 F. Similarly, 
the water temperature at 80 F indoor-outdoor 
temperature difference would be 110 F for a bare 
panel. Thus a 50 F (160 — 110) increase in water 
temperature would be required when using the 
heavy weight carpet and 40 oz pad. If this required 
increase in water temperature were not taken into 
account in the design of a system, satisfactory 
performance could not be expected. 

Rebalancing a system in which one circuit 
serves a floor panel which has been covered with a 
floor covering having a high thermal resistance may 
not be possible by increasing the water temperature 
in the entire system and throttling down the flow 
of water to uncovered panels. This practice would 
increase the water temperature drop and decrease 
the effective panel area for those circuits serving 
bare panels. Hot areas would be apt to appear at 
the point where the water enters the uncovered 
panels. This may be undesirable and could be 
avoided by proper design conditions. It may be 
necessary to utilize separate zones so that different 
water temperatures can be maintained in different 
circuits. 

b. Total Heat Input to Panels —The total 
energy supplied to the water in the heating system 
of each test room by the water heater and the 


circulator was measured by means of watt-hour 
meters. This energy, minus the losses from the 
insulated heater and connecting piping, was trans- 
ferred to the panel. Since the losses from the 
heater and piping were negligible in comparison 
with the total panel output, the total energy mput 
to the water was assumed equal to the total energy 
supplied to the panel. 

Figure 15 shows the total energy supphed to 
the floor panel in each test room plotted against 
the indoor-outdoor temperature difference. The 
curves were plotted by the least squares method. 
The scattering of the test points was due to the 
effects of uncontrollable variables, such as varia- 
tions in the intensity of solar radiation and wind 
velocity and changes in the outdoor temperature. 
However, sufficient tests were run so that the curves 
fitted to the test points represent trends for average 
weather conditions. 

Superimposed as dotted lines in Fig. 15 are 
curves fitted by the method of least squares to data 
obtained for bare panels. It can be seen that in 
Room A the rubber tile had practically no effect 
on the total energy input to the panel. No similar 
comparison was made in Room B between a bare 
panel and one covered with asphalt tile because 
changes were made in the insulation of Room B 
which decreased the heat losses for the tests with 
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Fig. 16. Total Heat Flow from Panels 


covered floor panels from the heat losses for tests 
with bare floor panels. However, since the thermal 
conductivity of the asphalt tile in Room B was the 
same as that of the rubber tile in Room A, it may 
be assumed that the effect of the asphalt tile on 
the total energy input to the panel also was in- 
significant. 

The curves for Room C show that at indoor- 
outdoor temperature differences greater than about 
30 F, the total energy input to the panel was 
greater for the carpeted floor than for the bare 
floor; while at indoor-outdoor temperature differ- 
ences less than about 30 F the reverse was true. 
The same characteristic was shown in Room D, 
although the differences in energy input were 
smaller. 

The energy input to the floor panel in Room C 
at design conditions (80 F indoor-outdoor tempera- 
ture difference) was about 40% higher when the 
panel was covered by the heavy carpet and 40 oz 
pad than when no floor covering was used. Thus 
the insulating effect of the heavy carpet and pad 
increased the reverse losses and heat storage within 
the panel and floor covering to such an extent that 
the boiler capacity had to be increased by about 
40% in order to satisfy room heat losses at design 


conditions. The increase in required boiler capacity 
when the panel was covered by a light carpet and 
14-in. rubber pad (Room D) was about 16%. No 
increase in boiler capacity was required for either 
the rubber or asphalt tile (Rooms A and B). 

In order to make this comparison it was neces- 
sary to extrapolate the curves of Fig. 15 about 20 F 
beyond test points. Past experience has shown 
that these curves are ordinarily straight lines, and, 
therefore, it is believed that values obtained by 
these extrapolations are reasonably accurate. 

If the distribution of outdoor temperatures for 
a typical winter is known, the curves of Fig. 15 
may be used to estimate the effect of floor coverings 
on seasonal fuel consumption. Table 8 shows the 
estimated energy inputs (fuel consumptions) for 
Room C when heated by a bare panel and by a 
panel covered with a heavy carpet and 40 oz pad. 
When the bare panel was used, the total annual 
fuel consumption was about 12,900,000 Btu or ap- 
proximately 129 therms. The annual fuel consump- 
tion for the same room using a combination of 
heavy carpet and 40 oz pad over the panel was 
about 13,525,000 Btu or approximately 135 therms. 
Thus the difference in fuel consumption was about 
6 therms per year or an increase of approximately 
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Table 8 


Seasonal Energy Input to Room C 
(Heavy Weight Carpet, 40 oz Pad) 


Froom C- Heavy weight carpet, 
40 oz pad 


Froom D - Light weight carpet, 
rubber pad 


Average Average Bare Panel Covered Panel 

Outdoor No. of Energy Energy Energy Energy 

Temp., Days/ Input Input Input Input 
F Year Btu/hr® Btu/year> Btu/hr® Btu/yeare 

(1) (2) (3) (4) (5) (6) 

—10 to —5 0.2 6,580 31,584 9,220 44 ,256 
— 5to 0 0.4 6,130 58,848 8,500 81,600 
Oto 5 0.8 5,700 109 ,440 7,800 149 ,760 
5 to 10 2.2 5,250 277 ,200 7,060 372,768 
10 to 15 4.6 4,800 529 ,920 6,330 698 , 832 
15 to 20 «io 4,370 797 ,088 5,620 1,025,088 
20 to 25 13.6 3,930 1,282 ,752 4,900 1,599 ,360 
25 to 30 25.4 3,500 2,133,600 4,190 2,554,224 
30 to 35 33.8 3,020 2,449 ,824 3,470 2,814,864 
35 to 40 30.0 2,600 1,872,000 2,840 2,044,800 
40 to 45 23.4 2,130 1,196,208 2,020 1,134,482 
45 to 50 22.6 1,170 927 ,504 1,310 710,544 
50 to 55 20.8 1,270 633 , 984 590 294 ,528 
55 to 60 19.8 830 804 416.5 ~ ks oaaay | ee Oe 
60 to 65 22.0 390 205,920 .' ocui 0 pee 
65 to 70 1 er ete eer Me RR OM ee 
13,525,056 
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Fig. 17, Percentage Distribution of Heat Flow from 
Bare and Covered Floor Panels 


a From Fig. 15. 
b Col. 2X Col. 3 X24. 
° Col. 2XCol. 5X 24. 


(Based on records of United States Weather Bureau at the University 
of Illinois. Includes January, February, March, April, May, September, 
October, November, December, from September 1936 to May 1941.) 


4.6%. This does not include the energy require- 
ment for the initial warm-up of the ground at the 
beginning of the season. However, this would not 
require more than one therm. 


c. Heat Flow from Panels — The total heat flow 
from the panel as measured by heat meters (lo- 
cated on the floor surface, under the gravel fill, 
and at the exposed edge of the panel) was plotted 
in Fig. 16 against the indoor-outdoor temperature 
difference. For comparison the total energy input 
curves of Fig. 15 have been reproduced as dotted 
lines. With the exception of Room C, the total 
energy input and the total heat flow from the slab 
were in good agreement. At low indoor-outdoor 
temperature differences, the measured heat flow 
from the panel exceeded the measured energy. in- 
put in Room C, while at high indoor-outdoor 
temperature differences the reverse was true. 

Figure 16 represents results of tests which were 
made after the initial warm-up of the ground had 
taken place. Also, the majority of the tests were 
at indoor-outdoor temperature differences ranging 
from 30 to 50 F with only a few tests at higher or 
lower indoor-outdoor temperature differences. Ob- 
viously, as water temperatures are increased to 
compensate for the additional heat requirements 
of the room which result from a drop in outdoor 
temperature, the temperature of the concrete and 
gravel constituting the floor must increase. The 
higher the thermal resistance of the floor covering, 
the greater the required change in the average floor 
temperature per degree change in outdoor temper- 
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ature will be. Also, floor coverings having high 
thermal resistance will retard the rate of change of 
heat flow upward into the room resulting from a 
change in panel temperature. Both of these con- 
ditions tend to accentuate differences in measured 
inputs and outputs and to increase the scatter of 
test points for Room C. 

Figure 17 was constructed by totaling the meas- 
ured heat flow from the floor panel in each room 
and calculating the percentage of the total heat 
flow in each direction. Superimposed on this set of 
curves are the data for bare concrete floor panels. 
The curves for Rooms A and B show that the per- 
centage distribution of heat flow from the panels 
covered with either asphalt or rubber tile was 
practically the same as that for bare panels. How- 
ever, the use of a heavy carpet and pad in Room C 
caused a large difference in the percentage distri- 
bution of heat flow from the panel. At indoor- 
outdoor temperature differences greater than about 
33 F, the addition of the heavy carpet and pad 
decreased the percentage heat flow upward into the 
room and increased the percentage flowing down- 
ward into the ground. On the other hand, at indoor- 
outdoor temperature differences of less than about 
33 F, the heavy carpet and pad had quite the 
opposite effect; the percentage of upward heat flow 
was increased and the percentage of downward 
heat flow was decreased. 

It should be pointed out that the curves of 
Fig. 17 show comparisons of heat flow from the 
panel and not energy input to the panel. Because 
of heat storage in the panel, the two are not the 
same. The upward heat flow in Room C was ap- 
proximately the same for both the covered and bare 
panel at an indoor-outdoor temperature difference 
of 80 F. This being the case, the increase in total 
heat flow from the carpeted panel in Room C may 
be expressed by the equation 


1 i 
Hy — H, — Ae iy! iB (8) 
HH, 1 


aR aoe 


where H,’ = total heat flow from carpeted panel, 
Btuh per sq ft 
H, = total heat flow from bare panel, Btuh 
per sq ft 
H,, = upward heat flow from bare or car- 
peted panel, Btuh per sq ft 


Substituting for H,/H,’ and H,/H;, the values 
obtained from Fig. 17, equation (8) becomes 

1/0.63 — 1/0.79 

1/0.79 

from the bare panel at design conditions. 

Previously, it was shown that carpeting the floor 
in Room C increased the required energy input at 
design conditions by 40%. The difference between 
the increase in energy input and the increase in 
total heat flow from the panel represents increased 
heat storage in the panel itself. Since heat storage 
is a function of the change in mean panel temper- 
ature, which at design conditions was much less for 
the bare panel than for the covered panel, it fol- 
lows that heat storage effects were also much 
smaller for the bare panel than for the covered 
panel. Increased heat storage for the covered panel 
was equal to the increase in energy input minus the 
increase in total heat flow from the panel. The 
increase in energy input was the difference between 
the two curves of Fig. 15. By assuming that the 
heat flow from the bare panel was equal to the 
energy input at design conditions, the increase in 
total heat flow for the covered panel is given by 
the difference between the total heat flow from Fig. 
16 and the energy input for the bare panel from 
Fig. 15. By this method of analysis the increased 
heat storage for the covered panel in Room C was 
(9550-6800) — (8550-6800) or 1000 Btuh. This esti- 
mate is conservative because the actual heat flow 
from the bare panel at design conditions was prob- 
ably less than the energy input which would make 
the increased heat storage somewhat greater than 
1000 Btuh. 

At design conditions the reverse losses in Room 
C were 37% of the total heat flow from the carpeted 
panel while for the bare panel these losses were 
21%. Since the above floor heat flow was the same 
in both cases, the reverse losses for the covered 
panel were 


= 25.4% of the total heat flow 


upward heat flow 


eyo 63 
upward heat flow 
By) 79 


or about 2.2 times as large as those for the bare 
floor. The increase in reverse losses at design con- 
ditions was calculated for each combination of 
carpet and pad tested. Curve 1 of Fig. 18 shows a 
plot of the ratio of the reverse losses for the covered 
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Fig. 18. Effects of Floor Coverings on Heat Requirements 
of Floor Panels 


panel to the reverse losses for the bare panel versus 
the thermal resistance of the floor coverings. 

Table 9 shows the reverse heat loss for a floor 
slab utilizing L-type insulation. Values are tabu- 
lated for unheated and heated slabs with two types 
of floor covering. The heat losses for the heated, 
covered floor panels have been obtained by multi- 
plying the heat loss for the bare panel by the value 
obtained from curve 1, Fig. 18. It can be seen that 
the heat loss for the bare, heated panel was about 
twice as great as that for a similar unheated slab. 
The heat loss for the heated slab with light weight 
carpet and rubber pad was about 3.3 times as 
ereat as that for the bare, unheated slab, while the 
heat loss for the heated slab with heavy carpet and 
pad was about 4.8 times as great. 

The percentage increase in total panel output 
at design conditions resulting from the use of floor 
coverings 1s shown by curve 2, Fig. 18, while the 
percentage increase in total heat imput is shown 
by curve 3. Since the floor covering did not affect 
the above floor heat loss of the room, the upward 


Table 9 


Heat Losses of Floor Slabs 
(Btuh per lineal ft) * 


Floor Slab 
Bare, Unheatedt 50 
Bare, Heatedt 104 
Light Weight Carpet, Rubber Pad, Heated 163 
Heavy Weight Carpet, 40 oz Pad, Heated 240 


* 80 F indoor-outdoor temperature difference. 
t+ The Guide, 1958, pp. 232-253. 
t From Table 6. 


heat flow from the panel was unaffected by the 
covering. Therefore, curve 2, Fig. 18, is a measure 
of the increase in reverse losses from the panel, and 
curve 3 is a measure of the increase in reverse 
losses plus the increased heat storage in the panel. 
The effect of the floor coverings on heat storage 
within the panel is represented by the difference 
between curves 2 and 3. 

To apply these results to design, it may be more 
convenient to express the increases in per cent of 
upward heat flow rather than in per cent of total 
heat flow from the panel. To do so requires that the 
values from curves 2 and 3 be divided by 0.79 
minus the ratio of upward heat flow to total heat 
flow for the bare panel. Thus for a given structure, 
if the above floor heat loss is calculated by the con- 
ventional method in the Guide, the increase in heat 
storage, reverse losses, and energy input may be 
obtained for any thermal resistance of floor cover- 
ing from curves 4 and 5. 

In general, the floor coverings with high thermal 
resistance had the undesirable characteristic of 
increasing the reverse losses and heat storage in 
the panel in cold weather. This resulted in a lower 
percentage of useful heat to the room, but on a 
seasonal basis this was compensated for, at least in 
part, by an increase in the percentage of useful heat 
obtained during warmer weather. The heat input 
required to provide for heat storage in the panel 
is in effect a panel pick-up allowance which should 
be made when selecting a boiler. Also if the in- 
crease in reverse losses is not accounted for in the 
heat loss calculations, additional allowance should 
be made in boiler sizing to compensate for the 
increased reverse losses. 


d. Application of Results—In order to sum- 
marize the observed effects of floor coverings on 


a es Ue 
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Table 10 
Application of Results 
Case Concrete Slab on Ground 
(1) (2) 
Floor Covering None Carpet and pad Carpet and pad 


having a resist- having a resist- 


ance of 1.0 ance of 2.0 
Design Temperature 80 80 80 
Difference, F 
Perimeter of House, ft 100 100 100 
Design Above Floor 40,000 40,000 40,000 


Heat Loss, Btuh 


Design Average Water 110 136 165 
Temperature, F 


Reverse Loss at Design 100X104 100X104%1.58 100X104 X2.42 
Conditions, Btuh = 10,400 = 16,400 = 25,100 

Total Panel Output at 50,400 56,400 65,100 
Design, Btuh 

Panel Pick-Up 0 0.054 < 50,400 0.19 X 50,400 
Allowance, Btuh =2 720 = 9,590 
Minimum Net Output 50,400 59,120 74,690 


of Boiler, Btuh 


the performance of a floor panel heating system, 
an illustrative example has been chosen. ‘Three 
cases are presented: . bare concrete slab, concrete 
slab with carpet and pad having a thermal resist- 
ance of 1.0, and concrete slab with carpet and pad 
haying a thermal resistance of 2.0. For this ex- 
ample, Table 10 shows that the use of a floor covering 
having a thermal resistance of 1.0 requires a 26 F 
increase in water temperature, which results in an 
increase in reverse loss amounting to 16,400 — 10,- 
400 = 6,000 Btuh. A floor covering having a thermal 
resistance of 2.0 requires a 55 F increase in water 
temperature, which results in an increase in reverse 
loss amounting to 25,100 — 10,400 = 14,700 Btuh. 
For the floor panel with a carpet and pad having 
a resistance of 1.0, an additional 2,720 Btuh must 
be provided; while for the floor panel with a carpet 
and pad having a resistance of 2.0, an additional 
9,590 Btuh must be provided for heat storage, 
which is a pick-up allowance. Therefore, the mini- 
mum net output of the boiler for the panels with 
coverings having resistances of 1.0 and 2.0, re- 
spectively, exceeds that for the bare panel by 8,720 
Btuh and 24,290 Btuh, or about 17 and 48%. These 
figures do not include the normal piping and pick- 
up factor. Another 30% is usually added to provide 
an allowance for piping and pick-up. 

e. Room Air Temperature Control — In order 
to evaluate the ability of the heating system to 
control the room air temperature at a given value, 
the maximum and minimum air temperatures oc- 
curring at the location of the thermostat during 
24-hr periods were recorded. Plotting indicated no 
correlation between the observed maximum- 
minimum temperature difference and the indoor- 
outdoor temperature difference; therefore, the data 
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were grouped and averaged according to operating 
conditions (Table 11). 

The ability of the thermostat to control the 
room air temperature at a given value depends 
upon the thermostat differential, the response of 
the panel (time required for the panel to heat and 
cool), the time lag for transient heat flow through 
the exposed walls and windows, and changes in the 
outdoor temperature. The thermostat differential 
setting and the outdoor temperature for any one 
test period were the same for all four test rooms. 
The time lags for transient heat flow through the 
north exposure in Rooms C and D were probably 
less than for Rooms A and B because of the larger 
window area. Because of this and the fact that the 
carpeted floor panels did not respond to load 
changes as quickly as did the bare panels, the room 
air temperatures in Rooms C and D were subjected 
to more variation than in Rooms A and B. 

The effects of floor coverings and operating con- 
ditions on room temperature variations are best 
shown by a room-by-room analysis of Table 11. 
Columns 2 and 4 show that the thermostat in Room 
A was apparently set about 1.6 F higher during the 
tests in Case IV than in Case III. Column 6 shows 
that the average temperature variation in this room 
was about the same in both cases. Columns 3, 5, 
and 7 show the standard deviations (Sd) from the 
average values given in columns 2, 4, and 6, respec- 
tively. The standard deviation is a measure of the 
reproducibility of observations. Sixty-eight % of 
all observations will normally be within + one 
standard deviation of the average of all observa- 
tions, and 95% will be within + two standard devi- 
ations. In Room A the standard deviations were 
about the same in Case IV as in Case III. Thus it 
is apparent that while there was about a 15 F 
change in the thermostat setting, the control of 
room air temperature was not affected. In Room A 
the daily range of variation in room air tempera- 
ture at the thermostat was 0.5 F to 1.3 F for Case 
III and 0.6 F to 1.6 F for Case IV. 

A similar analysis of Rooms B, C, and D shows 
that, as in Room A, the control of room air temper- 
ature was not affected by unavoidable changes in 
the setting of the thermostat. Also the average 
maximum minus minimum air temperature differ- 
ences in Room B were higher than in Room A, indi- 
cating a difference in the thermostat operating 
differentials even though the differential settings of 
the thermostats were the same. This affected the 
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Table 11 


Room Air Temperatures — Floor Panel Heating 


Case Avg. Max. Sat Avg. Min. 
Temp., F (max.) Temp., F 
(1) (2) (3) (4) 
Room A 
Til 12.2 +0.5 71.3 
IV 73.9 +0.6 72.8 
Room B 
IIl 72.7 +0.6 70.5 
IV 74.5 +0.5 Thee 
Room C 
I 74.6 +0.6 73.0 
iE 76.0 +0.8 74.0 
III 73.5 meal ine 70.9 
IV 74.6 +1.0 Var 
Vv 75.0 +2.0 70.6 
Room D 
il 74.3 £1.23 71.0 
IV 75.8 +0.9 12.8 
Vv 75.4 +2.8 69.4 


* Col. 6+Col. 7. 


OPERATING CONDITIONS 
Case I — January 25-February 20, 1952 
Room C — Bare Panel 
Case II — March 1-30, 1952 
Room C — Bare Panel 
Case III — December 2-31, 1952 
Room A — Rubber Tile 
Room B — Asphalt Tile 
Room C — Heavy Carpet and Pad 
Room D — Light Carpet and Rubber Pad 


+ Sa = Standard deviation from average. 


daily variation of room air temperature in Room B, 
which was 1.6 to 2.8 F for Case III and 2.1 to 3.5 F 
for Case IV (Col. 8). 

The table shows that in Room C, Cases I and 
II, the standard deviation for the maximum room 
air temperature was 0.6 to 0.8 F, while that for the 
minimum temperature was 0.3 to 0.4 F. During this 
time no floor coverings were used in the room. The 
effect of the carpet and pad in Room C, as shown 
by Cases III and IV, was to increase the standard 
deviation to values of 1.0 to 1.3 F for the maximum 
and 0.5 to 0.6 F for the minimum. As shown in 
column 8, this resulted in a large daily variation in 
room air temperature. 

The values for the standard deviations in Room 
D were very nearly the same as those in Room C. 
However, the average maximum minus minimum 
room air temperature was about 0.7 to 1.0 F higher, 
indicating a larger variation in daily room air tem- 
perature. The standard deviations from the aver- 
age maximum room air temperature in Rooms A 
and B for these periods of time were only about 
one-half as large as those in Rooms C and D. The 
standard deviation from the average minimum 
room air temperatures in Rooms A and B were 
nearly the same as those in Rooms C and D. 

Any change causing an increase in the values 
of column 5 of Table 11 will increase the variation 
in Minimum air temperature occurring in the room 
at the end of the off-periods of the thermostat, thus 


Sat Avg. Sat Range in Room 
(min.) Mae Max. — Min. Air Temp., F 
(5) (6) (7) (8)* 
+£0.3 0.9 +0.4 0.5-1.3 
+0.3 lee +0.5 0.6-1.6 
+0.6 2.2 +0.6 1.6-2.8 
OF 2.8 +0.7 2.1-3.5 
+0.3 1:6 +0.6 1.0-2.2 
+0.4 2.0 +0.8 1.2-2.8 
+0.5 2.6 ick Wey: 1.2-4.0 
+0.6 2.5 +1.2 1.3-3.7 
+0.6 4.4 eS od 2.3-6.5 
+0.5 3.3 +1.3 2.0-4.6 
+0.5 3.5 #+£1.3 2.2-4.8 
+0.5 6.0 Saath 3.3-8.7 


Case IV — January 3-26, 1953 
Room A — Rubber Tile 
Room B — Asphalt Tile 
Room C — Heavy Carpet and Pad 
Room D — Light Carpet and Rubber Pad 
Case V — February 27-March 29, 1953 
Room C — Light Carpet and 32 oz Pad 
Room D — Heavy Carpet and Rubber Pad 


making it necessary to increase the thermostat 
setting accordingly to insure that the room air tem- 
perature remains above a predetermined minimum 
value required for comfort. Changes causing an 
increase in the values of column 3, Table 11, will 
increase the normal variations in maximum room 
air temperature occurring at the end of thermostat 
on-periods. Such overruns in room air temperature 
are usually due to heat storage within the panel. 
However, the rate of heat loss from the room re- 
sulting from differences in construction or differ- 
ences in outdoor temperature may be a contributing 
factor. For example, when the carpets were inter- 
changed in Rooms C and D, the values in columns 
3 and 7 for Room C were increased even though the 
carpet was lighter. This was due to the warmer 
weather during Case V as compared to that during 
Case IV. 

One can conclude from this table that, other 
factors remaining constant, the addition of floor 
coverings to bare floor panels will reduce the ability 
of the system to maintain a constant room air tem- 
perature. The greater the thermal resistance of the 
floor covering, the greater will be the resulting room 
air temperature variation. 

In order to show the effect of floor coverings on 
room air temperature control with large outdoor 
temperature changes, a period of time was chosen 
during which there was a sharp decrease in out- 
door temperature. Figure 19 shows a plot of room 
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Fig. 19. Control of Room Air Temperature with Rapid Change in Ouidoor Temperature 


air and outdoor temperature vs. time for Rooms A, 
C, and D for this period. 

The room air temperature for Room A (rubber 
tile) remained relatively constant even during the 
rapid change in outdoor temperature. However, 
during the first rise in outdoor temperature, the air 
temperature in Rooms C and D (carpet and pad) 
rose a few degrees. When the large outdoor temper- 
ature drop occurred, the room air temperature be- 
gan to decrease. The thermostats turned on the 
. water heaters in the heating systems in Rooms C 
and D at about 6:30 p.m. Even so, the room air 
temperatures continued to decrease until about 
11:00 p.m. At this time they leveled off at a value 
some 3 to 4 F lower than the thermostat setting 
and then began to climb. Heat was finally being 
supplied at a great enough rate to more than offset 
the increased room heat loss due to the outdoor 


temperature drop. The minimum room air tem- 
perature occurred in Room C about one hour later 
than in Room D. 

By 7:30 a.m. the thermostat in Room D was 
satisfied, but the thermostat in Room C continued 
to call for heat until about 9:15 a.m. At 8:30 a.m. 
and 2:30 p.m. the air temperatures in Rooms C and 
D reached their respective maximum values. While 
the maximum room air temperature in Room D 
occurred one hour after the heater went off, the 
maximum room air temperature in Room C oc- 
curred about 5 hours after the heater went off due 
to the increased heat storage in the panel and the 
less severe room exposure. After the outdoor tem- 
perature became relatively constant, the room air 
temperature in all test rooms became more stable. 
Much better control of room air temperature was 
afforded in Room A than in Rooms C and D due 
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Fig. 20. Special Study over One Heater Cycle in Room C 


to the comparatively rapid response of the system 
with the tile floor covering. 

These curves show the effects of the carpet and 
pad combinations on the control of the room air 
temperature. Part of the difference in the control 
characteristics of Rooms A, C, and D might be 
attributed to the differences in exposure. However, 
additional panel capacity was provided in design 
to offset this portion of the difference. Observations 
in Rooms A, C, and D, as reported in Table 11, 
verify the conclusion that the additional exposure 


had a negligible effect on the control as compared 
to the effect of the carpet and pad combinations. 
Since there was an extremely long heater oper- 
ating period for Room C due to the rapid decrease 
in outdoor temperature, the overrun in room air 
temperature was exaggerated. Therefore, a study 
was made over one complete heater cycle in Room 
C at a time when the outdoor temperature was 
relatively constant at about 33 F. Temperatures of 
slab surface, carpet surface, room air, and water 
were measured during this test, along with heat 
flow from the slab to the carpet. The floor covering 
consisted of the heavy carpet and 40 oz pad. Fig- © 
ure 20 shows a plot of the measured temperatures 
and heat flows vs. time. At 12:30 a.m. the room air 
temperature at the thermostat was dropping. At 
approximately 12:50 a.m. the thermostat called 
for heat, and the water heater was turned on. At 
this time the room air temperature was 70.8 F. The 
panel inlet water temperature almost immediately 
increased from 106 F to 140 F, and the average 
slab surface temperature began to increase above 
106 F. At the same time the average heat flow from 
the slab to the floor covering began to increase. The 
average carpet surface temperature continued to 
drop until about 10 min after the heater turned on, 
whereupon it started to increase. Meanwhile, the 
room air temperature at the thermostat continued 
to decrease and reached its minimum value at about 
1:25 a.m., or about 35 min after the heater went on. 
The panel inlet water temperature continued to 
rise until about 2:10 a.m. when the thermostat was 
satisfied and the heater went off. The room air 
temperature at this point was about 70.8 F, the 
same as at the time the thermostat turned the 
heater on. Five or 10 min after the heater turned 
off, the average slab surface temperature reached a 
maximum and thereafter decreased along with the 
heat flow from the slab to the floor covering. Even 
though the heat flow from the slab to the floor coy- 
ering was decreasing, the average carpet surface 
temperature continued to rise until about 2:40 a.m. 
when it reached a maximum. The maximum carpet 
surface temperature occurred 30 min after the ther- 
mostat was satisfied. The room air temperature 
continued to rise for another 30 min making about 
an hour’s delay between the times when the water 
temperature and the room air temperature reached 
their maximum values. There was a 25-min time 
delay between the time when the slab surface and 
the carpet surface reached their maximum values. 
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Table 12 
Average Room Air Temperatures* and Gradients” 

Tndoor-Outdoor Room A Room B 
Temperature te—ty to te—ty ta 
Difference, F 

20 0.94+0.2 71.1+0.2 T0401 GOS Mee 

40 1 See(0% 1 70.6+0.1 L301 (lel OF3 

60 10.2 40. 1 O).2 1.6+0.2 ee ONT: 

80 2.0+0.3 69.6+0.3 1.9+0.3 71.141.2 

Room C Room D 

20 OF5=20.1 71.34£0.5 1.2+0.2 71 6220-52 

40 Oete Ord 70.4+0.2 Pees Oka 71.4+0.1 

60 2 apete On2 69.6+0.5 2.7+0.2 71.2+0.2 

80 Seo 0! 68.7+0.9 3.4+0.4 71.0+0.4 


Figures in table are for confidence limit of 95%. 

a t,= Air temperature at center of room 30 in. above floor. 

b t.—tr= Air temperature gradient in center of room, 3 in. below ceiling 
minus 3 in. above floor. 


This test indicates that there was a relatively 
long period between the times when the thermostat 
called for heat and when the air temperature 
started to increase. The effect of the carpet and 
pad was to retard the flow of heat from the water to 
the room air and cause about a 0.3 F under and a 
1.0 F overrun in room air temperature. Eighty min 
after the thermostat called for heat it was satisfied. 
Thus the response time for the heating system was 
very long. 

f. Room Air Temperature and Velocity Distri- 
bution — Air temperatures were measured in each 
test room at the levels 3, 12, 30, 60, 84, and 93 in. 
above the floor. At the center of the room the max- 
imum temperature difference between the various 
levels was obtained by subtracting the lowest tem- 
perature from the highest temperature, regardless 
of distance above the floor. These are correlated 
with indoor-outdoor temperature difference in Ta- 
ble 12. About 35 tests were made in each case with 
indoor-outdoor temperature differences ranging 
from 15 F to 63 F. A statistical analysis showed 
that at 95% confidence level the average difference 
in room air temperature between the levels of 3 in. 
above the floor and 3 in. below the ceiling in Rooms 
A and B would not exceed 2.3 F. For Rooms C and 
D this variation would not exceed 3.8 F. Inter- 
changing the floor coverings in Rooms C and D 
did not affect the air temperature difference. 

The correlation of room air temperatures as 
measured at the 30-in. level in the center of the 
“room with the corresponding indoor-outdoor tem- 
perature differences also are shown for each room 
in Table 12. The trend was for the room air tem- 
perature to decrease slightly as the indoor-outdoor 
temperature increased. However, observations of 
the room air temperature near the thermostat indi- 
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Fig. 21. Room Air Temperature Profiles 
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Fig. 22. Air Temperature and Velocity Distribution in Room C 


cated that indoor-outdoor temperature difference 
had no effect on the room air temperature at this 
location. Apparently, the lower air temperature at 
the center of the room resulted from the circulation 
of cool air from the window which was not warmed 
to the normal room temperature. 

Two days were selected in which average out- 
door temperatures were about 37 F and 20 F, re- 
spectively, and the room air temperatures and gra- 
dients were very close to the average values in 
Table 12. Floor to ceiling temperatures at the 
center of the room were plotted for those days for 
all four test rooms (Fig. 21). 

All room air temperatures were corrected to a 
condition of 70 F at the 30-in. level for compara- 
tive purposes. Variations in temperature from floor 
to ceiling were very small and, except for the floor 
surface temperature, were virtually independent of 
outdoor temperature. Since the thermocouple at 
the 30-in. level in Room A was within a few inches 
of the thermo-integrator,“) which had a surface 
temperature of about 80 F, the indicated tempera- 
ture at this point was probably high. Had the 
thermo-integrator not been present, it is probable 
that the temperature curve in Room A would have 
more closely approximated that of Room B. 

In Rooms C and D the temperature curves (Fig. 
21) show a somewhat different shape than those in 
Rooms A and B. In Room C there was an increase 
in air temperature from the 3-in. level to the 30-in. 
level, while in Room D there was a slight decrease 
in temperature from the 3-in. level to the 12-in. 
level, and the temperature at the 30-in. level was 


0.6 F to 1.2 F higher than that 12 in. above the 
floor. Above the 30-in. level in all test rooms, the 
room air temperature was very uniform for both 
moderate and low outdoor temperatures. When the 
outdoor temperature was 20 F, the room air tem- 
perature 3 in. above the floor in Rooms A and B at 
a location 2 ft from the north wall was about 3 F 
lower than the corresponding value at the center of 
the room, whereas in Rooms C and D the difference 
in air temperature at these locations was 1.5 F to 
2.5 F lower. This was to be expected since a defi- 


nite downward movement of cold air was noticeable - 


at the north wall. This cool air continued to move 
across the floor toward the center of the room. 

To determine the velocity of air movement in 
the rooms, a heated wire anemometer capable of 
measuring air velocities as low as 10 fpm was used 
as a probe. Figure 22 represents a cross section of 
Room C with air speed, direction, and temperature 
indicated. The air was cooled at the north wall and 
window, dropped to the floor, and then moved in 
the direction of the south wall with a comparatively 
high velocity. Passing along the floor the air was 
heated by the panel, whereupon it rose and drifted 
back slowly toward the north wall. Circulation of 
air occurred only as a result of air temperature 
differences. The air temperatures were very uni- 
form throughout the room except for locations along 
the floor and north wall. Near the window and 
within 12 in. of the floor the velocity was high and 
the temperature was low. In extreme cases this 
combination of high velocity and low air tempera- 
ture will result in undesirable drafts. 


g. Floor Covering and Slab Surface Tempera- 
tures — Figure 23 shows a plot of floor covering 
surface (panel surface) minus room air temperature 
difference vs. indoor-outdoor temperature differ- 
ence. Also plotted in the same figure are the slab 
surface minus room air temperature differences. 
The dotted curves of Fig. 23 show that at design 
conditions the panel surface temperatures in all 
test rooms were from 12 to 15 F above the room 
air temperature measured in the center of the room 
at the 30-in. level. 

In Rooms A and B the temperature drop across 
the tile was very small as evidenced by the differ- 
ences in the values of the two curves for each room. 
Such was not the case in Rooms C and D. At de- 
sign conditions the temperature drop across the 
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carpet and pad in Room C was about 54 F, while 
the temperature drop across the carpet and pad in 
Room D was about 38 F. These relative values 
would be expected since the effective conductance 
of the carpet and pad in Room C was greater than 
that in Room D. 

The equivalent thermal resistance of the floor 
covering in each room is given by equation 5 (Sec- 
tion 8a). The value of Q/A at design conditions 
for each room was obtained by multiplying the per 
cent above-floor heat flow from Fig. 17 by the total 
heat flow from the panel in Fig. 16 at 80 F indoor- 
outdoor temperature difference and dividing by the 
panel area. 

Since for Room C the upward heat flow (Section 
8c) included that for the inactive panel area while 
the temperature difference across the floor covering 
was evaluated for only the active panel area, the 
upward heat flow had to be corrected to include the 
active panel only. Recorded data indicate that 
the total upward heat flow should be reduced by 
about 5% to correct for the inactive panel area. 
Therefore, the equivalent thermal resistance of the 
floor covering in Room C was 
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Fig. 23. Panel and Slab Surface Minus Room Air Temperatures 
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ee 1.55 h ft) (F B 
(95) (36.8) ~ 1-55 br (sq ft) (F) per Btu 
while that in Room D was 
38.0 
“40.5 = (). 94: hr (sq ft) (F) per Btu 


The thermal resistances of these carpet and pad 
combinations in Rooms C and D were 1.85 and 
0.99 hr (sq ft) (F) per Btu, respectively, as deter- 
mined in the standard guarded hot plate. The two 
thermal resistances determined by these different 
methods were within 5% in Room D, while those 
in Room C differed by about 16%. The differences 
in thermal resistances of the floor coverings as 
determined by the two methods could be due to 
uncontrollable variables. The method of surface 
temperature determination in the two tests was 
different. Under actual operating conditions the 
heat flow from the slab to the room was not steady, 
and there was probably considerable heat storage 
within the carpet and pad. The moisture content 
of the floor coverings could have influenced the re- 
sults to the extent that the thermal resistance would 
change and heat would be required to evaporate 


Table 13 
Room Surface Temperatures 
Room A Room C 
Outdoor Temperature, F 35.0 12.5 35.0 12.5 
SURFACE TEMPERATURES 
East Wall 
Distance above Floor= 24 in. 71.4 v2.0 73.5 75 AL 
72 in. 70.3 70.3 70.5 70.0 
West Wall 
Distance above Floor= 24 in. 70.5 70.1 70.9 1 (2 
72 in. 70.2 69.4 70.4 69.9 
South Wall 
Distance above Floor = 24 in. 70.3 69.4 70.6 70.5 
72 in. 70.4 69.7 70.3 69.7 
North Wall 
Distance above Floor= 24 in. 67.7 65.4 66.8 63 .3 
72 in. 67.3 64.8 67.8 63.0 
89 in. bathe he, 68.6 67.8 
Window (North Wall) 
Distance above Floor= 42 in. 52.0 39.7 i5yih 37.4 
51 in. 52.3 39.6 50.9 46.1 
Floor (On N-S Centerline of Room) 
Distance from North Wall= 6 in. 77.4 82.1 73.1 75.9 
12 in. 74.5 75.8 73.3 78.4 
18 in. 76.5 80.1 74.5 pike 
24 in. 75.0 76.1 74.9 78.4 
30 in. 1.0 79.6 75.4 78.6 
36 in. 76.0 77.8 75.3 78.3 
42 in. 77.8 80.9 75.4 79.0 
54 in. 76.5 78.5 76.0 79.4 
78 in. 77.5 80.2 75.6 78.7 
96 in. 73.2 74.0 vise 79.6 
114 in. 69.8 69.0 76.0 79.4 
132 in. 69.3 68.4 72.2 73.0 
Ceiling (On N-S Centerline of Room) 
Distance from North Wall= 3 in. 67.6 64.5 
12 in. 68.3 66.5 
21 in. 68.3 672 oak ee 
30 in. 68.5 67.8 69.6 69.2 
39 in. 68.0 68.4 Tova aN 
48 in. 69.7 69.1 
54 in. 69.7 69.5 
63 in. 70.2 69.6 
72 in. 70.2 69.5 
87 in. 70.1 69.5 eine Eagle 
102 in. 69.8 69.1 70.3 70.7 
120 in. 69.6 68.7 fee Be. 
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Fig. 24. Inside Window Surface Temperature and Allowable Indoor Relative Humidity 


any moisture present in the covering. No attempt 
was made to evaluate the moisture content of the 
floor covering for any test. Furthermore, the sam- 
ples used for hot plate tests were not necessarily 
representative of the actual coverings used, since 
variations in materials and manufacturing tech- 
niques could result in differences in physical prop- 
erties. 

h. Glass Surface Temperatures — Figure 24 
shows a plot of the inside window surface tempera- 
ture for Room A vs. indoor-outdoor temperature 
difference. This curve was identical with those ob- 
tained for the other test rooms. Also indicated on 
this plot are the inside glass surface temperatures 
obtained in the I=B=R Research Home with a 
conventional hot water heating system using small 
tube radiators. There was no difference in the ob- 
served window surface temperatures in the two 
cases. The glass surface temperature dropped off 
rapidly with decreasing outdoor temperature. At 
design conditions of 80 F mdoor-outdoor tempera- 


ture difference, the glass surface temperature was 
about 26 F. 

The dotted curve of Fig. 24 represents the rela- 
tive humidity of 72 F air which will result in a 
dew point temperature equal to the measured sur- 
face temperature of single glazed windows. 

“i. Wall, Floor, and Ceiling Surface Tempera- 
tures —To show the distribution of surface tem- 
perature in the test rooms, two days were selected, 
one when the outdoor temperature was about 12 F 
and the other when the outdoor temperature was 
about 35 F. Table 13 shows the observed surface 
temperatures for various elements of Rooms A and 
C for these two days. The unheated surface tem- 
peratures were considerably less for the day when 
the outdoor temperature was 12 F than for the day 
when the outdoor temperature was 35 F. 

Table 13 shows that at 24 in. above the floor in 
Rooms A and C the east wall surface temperatures 
were greater than the west. This was due to the 
presence of the supply piping in the east walls of 
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Table 14 


Room Air Temperature (Ta) Minus North Wall Surface Temperature (NWST), Average Unheated Surface 
Temperature (AUST), and Average Surface Temperature (AST) — Floor Panel Heating 


Indoor-Outdoor Room A with Rubber Tile 


Room B with Asphalt Tile 


Temperature Ta minus Ta minus T, minus ‘a Mi i i 
Difference, NWST AUST Twen oes “AST 
20 2.0+40.3 1.0+0.2 0.5+0.2 2.1+0.4 1.0: 
40 4.0+0.2 1.9+0.1 0.8+0.1 4.1+0.2 ree meee 
60 5.9+0.4 2.8+0.3 1.0+0.3 6.0+0.4 2.840.3 1.0+0.3 
80 7.9+0.7 3.7£0.5 1.3+0.5 8.1+0.7 3.8+0.6 1.3+0.5 
, Room C with Heavy Carpet and Heavy Pad Room D with Light Carpet and Light Pad 
2 2.2+0.4 1.0+0.1 0.5+0.3 1.9+0.2 0.9+ e 
40 4.1+0.2 1.6+40.1 0.2+0.2 3.840.2 20202 Nee at 
60 5.9+0.5 2.3+0.1 0.0+0.4 5.6+0.3 3.0+0.4 0.2+0.3 
80 7.8+0.8 3.0+0.3 —0.3+0.6 7.4+0.6 4.1+0.7 0.2+0.5 


Figures in table are for confidence limit of 95% (average values). 


these rooms. The temperature of the lower half of 
the east wall also was greater in Room C than in 
Room A because of the increased water tempera- 
ture in the supply piping in Room C. In both rooms 
the temperature of the lower half of the partitions 
was greater than that. of the upper half, probably 
the result of conduction and radiation from the 
heated slab to the partitions. 

The difference between the air temperature and 
the area weighted average temperature of all the 
unheated surfaces of the room (AUST), the aver- 
age surface temperature (AST), and the average 
north wall surface temperature (NWST) are shown 
in Table 14. The NWST does not include the win- 
dow surface temperature. In all the rooms the 
NWST at design conditions was about 8 F lower 
than the room air temperature, and in all test rooms 
except Room C, the AUST was about 4 F lower 
than the room air temperature. The AUST in Room 
C was about 3 F below the room air temperature. 
Since there was an additional window in Room C 
as compared to Rooms A and B, one would expect 
a lower AUST in this room for the same room air 
temperature. 

However, as pointed out in the preceding para- 
graph, the lower half of the walls adjacent to the 
panels were warmed, and because of the higher 
water temperature required, this warming effect was 
greater in Rooms C and D where the panels were 
covered by carpets and pads. These effects caused 
an increase in the AUST in Room C which more 
than compensated for the additional window, caus- 
ing the AUST to be higher than that in Rooms A 
and B. In Room D the AUST was the same as in 
Rooms A and B, even though the exposure was 
much more severe. The effect of the carpeting and 
piping on the wall surface temperature in Room D 
affected the AUST by about the same amount as 
the additional window and exposed wall. 


In Rooms A and B the AST was about 1 F 
below the room air temperature, while in Rooms C 
and D the AST was essentially the same as the 
room air temperature. Even though Rooms C and 
D had more severe exposures, the AST in these 
rooms was slightly higher for any given indoor- 
outdoor temperature difference than in Rooms A 
and B. This was due to increased panel area and 
higher temperature of the lower partition surfaces 
because of the carpeting. 

The AUST has been established as a parameter 
which determines the total heat transfer from a 
panel for a given panel surface temperature and 
infiltration rate.) Relationships between AUST, 
panel surface temperature, infiltration, room air 
temperature, and total panel heat output have 
been found at the ASHAE Laboratory. These rela- 
tionships apply to rooms whose geometry is similar 
to that which would be encountered in practice. 

Since calculation of the AUST does not include 
the heated panel area, the net radiant heat ex- 
change between a body located in the room and its 
surroundings would depend not only upon the 
AUST, but also the panel surface temperature. © 
Furthermore, the location of the body with respect 
to the surrounding surfaces must be taken into con- 
sideration. “Body temperature depends upon the 
balance between heat production and heat loss.”“° 
Heat production is determined by the metabolic 
rate, and heat is lost from the body by convection, 
evaporation, and radiation. Therefore, for a given 
degree of activity or metabolic rate, the body sur- 
face temperature is determined by the environ- 
mental factors affecting the heat exchange between 
the body and its surroundings. These factors are 
dry-bulb temperature, humidity, air motion, and 
surface temperature of the surroundings.“ '”? 

If a person were sitting at rest in the center of 
the test room, his body temperature would then be 
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Table 15 


MRT, AST, and AUST in Room A 
Floor Panel Heating 


Indoor-Outdoor MRT AST AUST 
Temperature at Center F F 
Difference, F of Room, F 

20 70,50 70.1+0.4 10 .2+:0).2 
40 70.0+0.1 69.9+0.1 68.9+0.1 
60 69.4+0.1 69.6+0.4 67.5+0.2 
80 68.8+0.3 69.3+0.7 66.2+0.4 
Figures in table are for confidence limit of 95% (average values). 


determined by these environmental factors. Upon 
moving away from the center of the test room 
toward the window, the net radiant heat exchange 
between the body and surrounding surfaces would 
change as a result of a change in configuration 
factor of the body with respect to the surrounding 
surfaces. The configuration factor of the body with 
respect to the exposed wall would increase while 
the configuration factor of the body with respect to 
the other room elements would decrease.“* If the 
air temperature, humidity, and motion were the 
same near the window as at the center of the room, 
a lower body surface temperature would result im 
the position near the window in order that the total 
heat loss from the body would remain equal to the 
metabolic rate. The magnitude of this change in 
body surface temperature would depend upon the 
change in net radiant heat transfer from the body. 
This is also affected largely by the type of clothing 
worn. 

Since a change in the net radiant heat transfer 
from the body would result from a change in loca- 
tion within the room, one constant, such as the 
AUST or AST, could not represent the MRT (mean 
radiant temperature) which is an index of the 
amount of radiation taking place between the body 
and its environment, referred to a uniform environ- 
ment. The MRT is a function of location of the 
body within the test room. 

Several instruments have been employed for 
the measurement of MRT in an environment.” 
These include the eupathescope,“'**” globe ther- 
mometer,“*?2) and thermo-integrator.¢» 2 <A 
thermo-integrator was installed at the center of 
Room A with the center of the instrument located 
approximately 30 in. above the floor. Table 15 
shows the relationship of the MRT, AUST, and 
AST for Room A to the indoor-outdoor temperature 
difference. The AST and MRT were practically the 
same for all values of indoor-outdoor temperature 
difference. The AST and MRT decreased slightly 
with increasing indoor-outdoor temperature differ- 


Table 16 
Calculated vs. Measured Heat Flow to Rooms* 


Calculated Heat 
Flow to Room, 


Average Measured Heat Flow 
to Room, Btuh 


Btuh Room A Room B 
1000 1010+ 61 1225+ 84 
2000 2085+ 62 2220+ 84 
3000 3160+ 141 3220 + 166 
4000 4230 + 230 4215 + 262 
5000 5305 +320 5210 + 360 
Room C Room D 
1000 1225 +125 1310 + 222 
2000 2385+ 81 2370 + 135 
3000 3547 + 149 3430 + 116 
4000 4705 + 250 4490 + 186 
5000 5870 +357 5550 + 286 


* Figures in table are for confidence limit of 95%. 


ence, while the AUST dropped off rapidly. It is 
evident from these data that the AST closely 
approximated the MRT obtained at the center of 
Room A 30 in. above the floor. It should be pointed 
out that such may not be the case in other locations. 

Since the AST approximated the MRT at the 
center of the room, the data of Table 15 suggest 
that a lower room air temperature might be tol- 
erated in Rooms C and D than in Rooms A and B 
because of higher AST’s for a given indoor-outdoor 
temperature difference. 


j. Calculated and Measured Panel Heat Output 
— The total heat output from the panel to the test 
rooms is equal to the sum of the radiation and 
convection components. The heat transferred from 
the panel by convection and radiation was calcu- 
lated using equations (1) and (2). 

The air temperature used in these calculations 
was measured at a distance of 3 in. above the floor 
at two locations — 2 ft from the north wall and at 
the center of the room. The air temperatures at 
these locations depended upon outdoor temperature 
and differed from one another 2 to 4 F. The AUST 
was used for the temperature of the surroundings 
as recommended in the Guide. Table 16 shows the 
measured panel output versus the calculated output 
for all four test rooms. In all cases the measured 
panel output was consistently higher than the cal- 
culated panel output. At design conditions of 80 F 
indoor-outdoor temperature difference, the per cent 
difference between the calculated and measured 
panel output was from 7 to 18% (based on the 
measured output). The per cent difference was 
greater for the rooms with more severe exposures. 

The calculated convection heat transfer from 
the panel was based on the equation expressing the 
heat flow from a horizontal flat plate facing upward 
with no unusual end effects.‘°*? The presence of the 
exposed wall in the test rooms caused a downward 
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Table 17 
Average Panel Heat Output to Rooms* 


Panel Surface 


; Panel Output to Room, 
Temp. Minus 


Btuh per sq ft 


Room Air Room A Room B 
Temp., F 

2 4.2+1.2 5.2+0.9 

4 9.5+0.7 10.2+0.6 

6 14.7+0.5 15.3+0.5 

8 19.9+0.9 20.3+0.6 

10 25). 0-155 25.3+0.9 

12 30.4+1.7 29.5+1.3 

14 35.64+2.8 35.44+1.6 

Room C Room D 

2 7.1+0.8 6.11.3 

4 12.5+0.6 11.3+0.9 

6 17.8+0.5 16.4+0.6 

8 23.2+0.8 21.6+0.7 

10 28.6+1.2 26.7+1.0 

12 34.0+1.5 31.9+1.4 

14 39.3+2.0 37.0+1.9 


* Figures in table are for confidence limit of 95%. 


cold air current which passed over the surface of 
the panel as indicated in Fig. 22. This increased 
air velocity over the surface of the panel probably 
resulted in a greater heat flow from the panel by 
convection for a given surface to air temperature 
difference than that calculated by equation (1). 
This could account for part of the difference in the 
calculated and measured panel output. Also the 
panel surface temperatures measured in Rooms C 
and D may not have been accurate because of the 
difficulty in establishing the actual surface of the 
carpeting. The heat flow, as determined by heat 
flow meters in Rooms C and D, was actually the 
heat flow from the slab to the carpet and pad. 
Since there was some heat storage in the floor cov- 
erings, the heat flow from carpet to room at any 
instant was not necessarily the same as that meas- 
ured by the heat flow meters. This may have been 
a factor influencing the difference in the measured 
and calculated panel outputs. 
The relationship between panel output and 
panel surface minus room air temperature is shown 
in Table 17. In Rooms A and B, for which the 
exposures were similar, the panel outputs for a 
given panel minus room air temperature difference 
were approximately the same. The outputs for 
Rooms © and D, where the exposures were more 
severe, were 15 to 20% greater than in Rooms A 
» and B at the same panel minus room air temper- 

ature difference. It should be pointed out that the 
same panel minus room air temperature difference 
in all rooms does not represent the some outdoor 
conditions since the variation in panel surface 
minus room air temperature with outdoor temper- 
ature was not the same in all test rooms. Varia- 
tions in panel output were due to variations in 
exposure, infiltration, and panel area. 


Froom 8B - Test | 
Asphalt tile 


Relative humidity, per cent 


Froom D - Test 
Heavy carpet- rubber pad 


Indoor - oufdoor temperature difference, deg F 


Fig. 25. Relative Humidity in Test Rooms ys. Indoor-Outdoor 
Temperature Difference 


At design conditions the panel output for Room 
A was about 30.4 Btuh per sq ft, while the output 
of the panel in Room B was about 35.4 Btuh per 
sq ft—a difference of about 5.0 Btuh per sq ft. 
Based on the panel area, the difference in panel 
outputs represents about (116 * 5.0) or 580 Btuh. 
Calculations indicate that a difference of 0.3 air 
changes per hr could account for this difference in 
panel output, but no measure of the infiltration 
rate was made during these studies. 

Data have been presented through the ASHAE”? 
which correlated AUST, panel output, panel surface 
temperature, and infiltration. However, no com- 
parison of results could be made because no at- 
tempt was made to control the air temperature in 
the ASHAE experiments. Because the air tempera- 
ture was the independent variable in those experi- 
ments, the room air temperatures were all lower 
for a given test as compared to those reported in 
this paper. As a result, the panel outputs reported 
in this bulletin are greater for a given panel surface 
temperature and AUST than those reported in the 
ASHAE results. 

k. Relative Humidity — The relative humidity 
in each test room was obtained with calibrated 
hair-type relative humidity indicators. Figure 25 
shows a plot of the relative humidity vs. indoor- 
outdoor temperature difference. A comparison of 
the relative humidity in Rooms B and D for Test I 


42 ILLINOIS ENGINEERING EXPERIMENT STATION 


indicates that during mild weather (less than 20 F 
indoor-outdoor temperature difference) the relative 
humidity was about the same for both rooms. 
However, as the indoor-outdoor temperature dif- 
ference increased, the relative humidity in Room B 
decreased more rapidly than that in Room D. The 
plot of relative humidity for Room D, Test II, 
shows that with the heavy weight carpet and rub- 
ber pad, the relative humidity was higher than for 
either room during Test I. Also there appeared to 
be more scattering of test points. 

Throughout the entire test period it was ob- 
served, especially during moderately cold weather 
preceded by damp, warm weather, that condensa- 
tion occurred on the windows in rooms with car- 
peting, while the windows in rooms which had no 
‘arpeting were dry. This may have been due to 
the tendency of the carpet to absorb moisture 
during the warm moist weather and to release it 
as the slab was heated when the outdoor tempera- 
ture dropped. However, the fact that the relative 
humidity in rooms with carpeted panels was con- 
sistently higher than that in rooms with uncovered 
panels even during extended cold weather suggests 
that there may have been an actual increase in the 
rate of transfer of water vapor through the con- 
crete floor slabs in the carpeted rooms. 

Tests? conducted with laboratory specimens 
of various construction at the Forest Products 
Laboratory have indicated that the rate of migra- 
tion of water vapor through floor slabs is propor- 
tional to the vapor pressure difference across the 
slab. Furthermore, the tests indicated that the type 
of vapor barrier used under the concrete floors in 
the Floor Slab Laboratory was not very effective 
in reducing water vapor transfer rates. 

In the test rooms with carpeting on the floor 
it was necessary to operate the heating system with 
higher slab temperatures than in rooms without 
carpets. This in turn increased the temperature of 
the gravel fill under the slab. Considering the air 
saturated in the voids between pieces of stone con- 
stituting the gravel fill, calculations were made for 
the. vapor pressure difference across the slab. 
Figure 26 shows a plot of this vapor pressure differ- 
ence for Rooms B and D. The vapor pressure dif- 
ference in Room D was consistently greater than 
that in Room B. The smaller motive head for the 
transfer of vapor through the slab in Room B plus 
the presence of the asphalt tile which acted as an 
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Froom B - Aspha/t tile 


Froom D - Heavy carpet, 
& rubber pad 


Vapor pressure difference, in. of Hg 


/O 20 30 40 50 60 70 
Indoor - outdoor temperature difference, deg F 


Fig. 26. Calculated Vapor Pressure Difference Across Slab 


additional vapor barrier must have accounted for 
the difference in relative humidities between test 
rooms. 

By establishing a mass balance on the water 
vapor in Rooms B and D, the resulting relative 
humidity in the test rooms was calculated for vari- 
ous outdoor temperatures. Condensation and ab- 
sorption of water vapor by materials in the test 
rooms as well as the transfer of water vapor 
through interior partitions and ceilings were omit- 
ted from consideration. The resistance to trans- 
mission of water vapor by carpets and pads was 
considered negligible, and the room air temperature 
was taken to be constant at 72 F. Under steady- 
state conditions the rate of water vapor transferred 
through the slab plus the rate of water vapor 
brought into the room due to infiltration was equal 
to the rate of water vapor removal from the .room 
due to exfiltration plus the rate of water vapor 
transferred through the exterior wall. In equation 
form this mass balance becomes: 


Ww; fe MAP, as i a aie Mil Ps — ees <= Ww (9) 


where W = infiltration rate, in lb per hr 
w; = vapor content of infiltrating air, in lbs 
of water vapor per lb of dry air 
w = vapor content of exfiltrating air, in lb 
of water vapor per lb of dry air 
P, = saturation pressure of water vapor in 
the voids between pieces of stone con- 
stituting the gravel, in "Hg 
P,, = partial pressure of the water vapor in 
the test room, in "Hg 
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Po = partial pressure of the water vapor in 
the outdoor air, in "Hg 

M, = equivalent permeance of the concrete 
floor slab, in grains per hr (sq ft) (”Hg) 

M,, = equivalent permeance of the exterior 
wall, in grains per hr (sq ft) (Hg) 


For similar slab construction the value of M, 
2.45 gal 

day (1000 sq ft) (.345) psi. 

Converting this value to approximate units M, = 

8.2 grains per hr (sq ft) (”“Hg). The value of M,, 

was calculated from values reported in the Guide, 


has been given"* as 


and M,, = 0.264 grains per hr (sq ft) (”Hg). Since 
‘the infiltration rate was unknown, a value of 1% air 


change per hr was assumed for both test rooms. 


This was equivalent to 676 cu ft per hr or 50.7 Ib 
‘per hr standard air. The mass balance for Room D 


can then be written: 


50.7w; + (8.2) (169) (P, — P.) 
+ (0.264) (81) (P, — Puo) 


7 ‘ 
where w = 4354 ees it 
1 A 29 Py 


In order to determine the condition of the out- 
door air, the relative humidity at a given dry-bulb 
temperature was taken equal to that for a five-year 
average obtained in Urbana, Illinois.°°) For a 
given outdoor temperature, the value of w; was 


‘determined and the value of P, was taken as the 


saturation pressure corresponding to the observed 
temperatures under the slab. Thus the equation 
was solved for P,, and the relative humidity was 


determined for 72 F room air dry-bulb temperature. 


Figure 27 shows a plot of the indoor relative 
humidity thus determined vs. indoor-outdoor tem- 
perature difference. For Room B the relative 
humidity with floor panel heating was consistently 


higher than that obtained with ceiling panel heat- 


ing. This was due to the increased vapor transfer 
rate through the floor slab when it was heated. 


Recorded data in Room B show that the measured 


relative humidity with ceiling panels was actually 
less than that obtained with a heated floor panel, 
which is in agreement with the calculated values 
of relative humidity. For Room D the calculated 


relative humidity was consistently much higher 


than that for Room B due to increased vapor trans- 
fer rates through the floor slab. These trends are 
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Froom 8 - Aspha!/t tile 


Froom D - Heavy carpet, 
rubber pad 


Relative humidity, per cent 


Indoor - outdoor temperature difference, deg F 


Fig 27. Calculated Relative Humidity Based on 
Mass Balance of Water Vapor 


in agreement with those indicated by Fig. 25. In 
Room D the relative humidity decreased with de- 
creasing outdoor temperature to a minimum value 
and thereafter increased. Beyond the minimum 
value, the vapor transfer rate through the slab was 
great enough to more than offset the decreased 
vapor gain due to infiltration to such an extent 
that the relative humidity in the test room in- 
creased. Below the minimum value, the increased 
gain in vapor due to infiltration of outdoor air with 
high moisture content more than offset the de- 
creased vapor transfer rate through the slab so that 
the net result was an increase in the relative 
humidity in the test room. 

A comparison of Figs. 25 and 27 shows that the 
measured relative humidity was never as high as 
the calculated. This could have been due to the 
omission of condensation and absorption terms in 
the vapor mass balance. Condensation on cold 
windows definitely occurred during cold weather, 
as pointed out previously. Also the assumption of 
100% relative humidity in the voids of the gravel 
fill could have been in error. Previous work’®) has 
shown that the relative humidity depends upon the 
moisture content of the soil under the slab. All of 
these unaccounted for vapor losses would tend to 
reduce the relative humidity in the test rooms and 
bring the calculated and measured values into 
closer agreement. 

The individual terms of equation (9) repre- 
senting vapor gains and losses have been plotted 
in Fig. 28. Vapor loss due to exfiltration (which 
was the only vapor loss included in equation (9) 
was equal to the sum of vapor gains due to infiltra- 
tion and transmission through the slab and exposed 
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Fig. 28. Calculated Vapor Mass Balance 


wall. The transmission through the exposed wall 
is seen to be practically insignificant. Vapor gains 
due to infiltration decreased with decreasing out- 
door temperature as a result of decreased moisture 
content of the outdoor air. Transmission through 
the slab increased with decreasing outdoor temper- 
ature as a result of increased vapor pressure differ- 
ences across the slab. The sum of these three curves 
represents the vapor loss due to exfiltration. 

In order to determine the infiltration rate, W, 
in equation (9) at zero outdoor temperature, the 
value of relative humidity as obtained from Fig. 25, 
Test I, Room D, was used. Solving equation (10) 
for the infiltration rate resulted in a value of about 
200 Ib per hr or 2 air changes per hr. This value 
would seem high for infiltration at zero outdoor 
temperature. However, the W terms in equation (9) 
include all the losses in vapor from the test room. 
Therefore, in the actual case, these terms include 
condensation, absorption, ete. Using two air 
changes per hr, the values of each component of 
equation (9) were plotted in Fig. 28. Both vapor 
gains due to infiltration and transmission through 
the slab were higher than those obtained with 1% 
air change per hr. Also the vapor loss due to exfil- 
tration was greater than the corresponding value 
with 1% air change per hr. The difference in vapor 
loss for the two cases was about 1050 grains per hr 
or 0.15 lb per hr. This amount of water vapor 
could possibly have been due to condensation, 
absorption, and unaccounted for losses in equa- 
tion (9). 

During the 1953-54 heating season the limit 
switch settings and the firing rates of heaters seryv- 


ing carpeted rooms were increased. This was done 
because the results of special pick-up studies indi- 
cated that the carpeted panels responded very 


slowly with limit switches set at 130 F and firing — 


rates equal to 1.33 times the design heat loss. Also 
the attic temperature was uncontrolled for the 
1953-54 studies. Under these conditions during 
extremely cold weather the vapor pressure differ- 
ence across the slab with a heavy carpet and heavy 
pad reached as high as 5.1 in. of Hg. Thus a large 
motive foree was provided for vapor transmission 


through the slab. This resulted in even higher rela- ° 


tive humidity in rooms with carpeted panels than 
in rooms with bare or tiled panels. 


9. Pick-Up Studies — Object and 
Operating Conditions 


The object of these studies was to determine the 
ability of the floor panel heating systems to pick 
up the room heat load. The effects of floor cover- 
ings on the pick-up rate were studied, and required 
water temperatures and heat input rates were 
established for each room. 

Two pick-up tests were made, one in November 
1952, previous to any normal operation of the panel 
systems, and the other in January 1953 after the 
system had been in operation for some time. The 
attic temperature was controlled at about 60 F, and 
the corridor and instrument room air temperatures 
were controlled at 72 F. The heaters were turned 
off and the windows of all test rooms were left open 
all night preceding the start of the test in order to 
allow the room air temperature to drop. 

At the start of the test the windows were closed 
and the water heaters turned on. The initial rate 
of energy input to the heaters, equivalent to the 
gross output of a conventional boiler, was equal 
to the calculated design heat loss of the room plus 
33% which represented the normal piping and pick- 
up allowance as recommended by the Institute of 
Boiler and Radiator Manufacturers.°" ?® The 
thermostats were shorted out of the control circuits 
in order to provide continuous operation of the 
system. As the tests progressed, changes were made 
as required in the limit switch settings and in the 
energy input rates to the water heaters. 

Since the outdoor temperature varied consid- 
erably (from about 14 F to 57 F) during the test, 
transient effects of this changing temperature had 
to be considered in the analysis of test results. 
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10. Pick-Up Studies — Discussion of 
Test Observations 


a. Air, Water, and Floor Surface Temperatures 
— November 1952 Test — Data taken during the 
November 1952 test are tabulated in Table 18. 
Twelve hours after the start the inlet water temper- 
atures in Rooms C and D were high enough (130 F 
to 135 F) to cause intermittent operation of the 
heaters due to limit control action. The inlet water 
temperatures in Rooms A and B did not level off 
until about 4 hrs later and reached values of 144 F 
and 132 F, respectively. Intermittent operation of 
the heaters by action of the limit control resulted 
’ in a decrease in the average inlet water temperature 
while the outlet water temperature leveled off. It 
-also resulted in a decrease in the total rate of 
energy input to the water. Therefore, for a given 
water flow rate, the water temperature drop would 
be expected to decrease, as evidenced by Items 5, 
21, 37, and 53 in Table 18. 
For all practical purposes, the room air and 
. floor surface temperatures in Rooms A and B be- 
came stabilized at their maximum values by the 
end of the first 24 hrs of operation. Variations 
occurring after this time could be attributed to 
variations in the temperature of the outdoor air. 
Since the water temperatures in Rooms C and D 
were lower than those in Rooms A and B and be- 
cause the carpets and pads offered appreciable re- 
sistance to heat flow (which increased heat storage 
‘im the ground), heat was not transferred to Rooms 
C and D at rates great enough to maintain increas- 
ing room air temperatures after the test’ has been 
in progress for about 16 hrs. At this time the 
room air temperatures in Rooms C and D started 
to decrease and continued to decrease until about 
28 hrs after the start of the test, when the outdoor 
temperature leveled off and the limit control 
_ settings in Rooms C and D were raised to 160 F. 
Immediately following the change in the limit 
control settings in Rooms C and D, 28 hrs after 
the start of the test, the floor surface temperatures 
- in these rooms began to increase, and the room air 
temperatures began to increase shortly thereafter. 
In order to bring the air temperatures in Rooms C 
and D to approximately the same values as those in 
Rooms A and B, it was necessary to increase the 
- limit control setting in Room C to 170 F (59 hrs 
after the start of the test) and to increase the heat 
input rate to 12,000 Btuh in both rooms (75 hrs 


after start of test). After these changes had been 
made the final room air temperature in Rooms B, 
C, and D were all about 85 F, while the tempera- 
ture in Room A was 90 F. 

Based on the calculated heat loss of Rooms C 
and D with heated attics, the final heat input rate 
of 12,000 Btuh corresponded to piping and pick-up 
factors of 1.80 and 1.42 respectively. The normal 
piping and pick-up factor is 1.33. Thus it was 
necessary to increase both the piping and pick-up 
factors and the water temperatures in Rooms C and 
D in order to take care of the pick-up load and 
bring these rooms to the same final temperature 
as the rooms without carpeting on the floors. The 
required increase was greatest in Room C where 
the floor was covered by the heavy carpet and 
40 oz pad. 

b. Ground Temperature — November 1952 Test 
— At the start of the test the temperature of the 
ground 2 ft and 3 ft under the test room floors was 
about 63 F. The ground temperature dropped very 
slowly for the first 16 hrs of the test, after which 
the temperature 2 ft below the floor started to 
increase. The temperature at 3 ft below the floor 
did not start to increase until the test had been in 
progress for about 24 hrs. The ground temperature 
at both levels continued to rise at a very slow rate 
throughout the remainder of the test. At the end 
of 96 hrs of operation the temperature of the 
ground 2 ft below the floor was 67.6 F, 72.4 F, 
77.3 F, and 81.7 F under Rooms A, B, C, and D, 
respectively. The corresponding temperatures at 
3 ft below the floor were 64.2 F, 67.9 F, 69.3 F, 
and 71.6 F. 

Because of the extra subfloor insulation in 
Room A, the ground temperatures under this room 
were lower than under Room B, even though the 
water temperature in the floor coils was higher in 
Room A. The higher water temperatures required 
in Rooms C and D because of the carpeting on the 
floor caused corresponding increases in the ground 
temperature under those rooms. The effect of these 
increases in ground temperature on operating effi- 
ciency is discussed in the following paragraph. 

c. Heat Flow — November 1952 Test — At the 
start of the tests, ground, slab, and room air tem- 
peratures were such that there was upward heat 
flow from the ground to the slab and from the slab 
to the room air in each of the test rooms. Immedi- 
ately after the start of the test, the temperature of 
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the floor slabs started to increase. This resulted in 
an increased upward heat flow from the slab to the 
room air and a reversal in the flow of heat between 
the slab and ground. The rates of heat flow up- 
ward, downward, and from the edge of the slabs 
increased rapidly for the first 24 hrs of the test. 
_ During the remainder of the test the changes were 
less pronounced except for the effects of changes 
made in the setting of the limit controls and heat 
input rates to the water in Rooms C and D. 

During the first 12 hrs of operation the percent- 
age heat flow to the test rooms decreased for all 
rooms, but the decrease was much less pronounced 
in Room A. Thereafter, the percentage heat flow 
leveled off with the following approximate values 
at the end of the test: 


Per Cent of Total Heat Flow 
Direction of Room Room Room Room 
Heat Flow A B Ci D 
Up to Room 15 70 55 60 
~ Down to Ground 20 25 40 35 
- Horizontal to Out- 
door Air (Edge) 5 5 5 5 


A comparison of Items 16, 32, 48, and 64 in 
Table 18 indicates that for the first 24 hrs of opera- 
tion, the L-type and vertical type of insulation 
(Rooms B, C, and D) were comparable, whereas 
the insulation under the entire floor (Room A) was 
20 to 25% more effective than the others in reduc- 
‘ing subfloor and edge losses. A reduction in sub- 
floor losses must result in a corresponding increase 
in useful heat flow to the room. It should be noted 
that at the start of the test, the water temperatures 
in all rooms increased while the heat flow from the 
top of the slab in Rooms B, C, and D (expressed 
in percentage of total heat flow) decreased at a 
rate considerably greater than that in Room A. 
Thus, the insulating effect of the floor coverings 
and lack of insulation under the slab retarded the 
heat flow from the floor panel to the room air. At 
the end of the test the heat flow upward in Room B 
- was within 5% of that in Room A. However, it was 
necessary to increase both water temperature and 
heat input rates in rooms with carpets in order to 
obtain sufficient above-floor heat flow. 

It must be remembered that these values indi- 
- eating the effectiveness of insulation under the en- 
tire floor in reducing subfloor losses and the retard- 
ing of upward heat flow by floor coverings apply 
only to pick-up operating conditions. In Section 7b 


it was shown that insulation under the entire floor 
increased normal operating efficiency by only about 
3%, and in Section 8a it was shown that floor 
coverings had almost no effect on seasonal fuel 
costs when room temperature was maintained at a 
constant value. 


d. January 1953 Test — Data taken during the 
January 1953 pick-up test are tabulated in Table 
19. The ground temperatures at the start of this 
pick-up study at the 3 ft depth for Rooms A, B, C, 
and D were 63 F, 69 F, 79 F, and 75 F, respectively. 
The corresponding ground temperatures at the 2 ft 
depth were 65 F, 71 F, 83 F, and 81 F, respectively. 
The ground temperatures under Room C were 
higher than those in Room D because during the 
normal operation of the heating system prior to the 
pick-up studies, the floors were covered with a 
light weight carpet and rubber pad in Room D 
and a heavy weight carpet and heavy pad in Room 
C. Thus higher water temperatures were required 
in Room C. The ground temperatures were lower 
under Room A than under Room B because Room 
A had insulation under the entire floor, while 
Room B had the vertical type of insulation. 

For the January test the ground temperature at 
the 3-ft depth under all rooms remained relatively 
constant, while the temperature at the 2-ft depth 
increased as the test progressed. 

The room air temperature, water temperature, 
heat flow, and floor surface temperatures exhibited 
characteristics very similar to those for the Novem- 
ber pick-up study. However, all of these increased 
at greater rates during studies in January, because 
the ground was warmer at the start of this test. 
The outdoor air temperature characteristic was 
very similar to that for the previous tests, yet the 
room air temperature increased much faster for this 
study than it did for the previous one. 

It was found that for both Rooms A and C the 
above floor heat flow ranged from 1000 to 2000 
Btuh greater in the January test than in the No- 
vember test. The below floor heat flows were about 
the same in both tests even though the ground 
temperatures were greater at the beginning of the 
January studies. 

For both Rooms A and C the above floor heat 
flow during the first 24 hrs of operation was 
greater for the January test than for the November 
test by 10 to 15 percentage points. After about 60 
hrs of operation, the per cent above floor heat flows 
for the two studies were almost equal. For the 
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Table 19 
Pick-up Test — Jan. 1953 


20 () 


1. Time from Start of Test Hours (0) 4 8 ae) 16 24 28 
2. Outdoor Air Temperature F 33:2 4358 ALG 3503 29.7) 22.8) 20.47 31,2 
ROOM A 
3. Inlet Water Temperature F 86.0: 113.5 125.8- 135.2 41.5 U4.2 gy7.0' 148.6 
4, Outlet Water Temperature F 61.6 87.0 101.1 220.3) 116.2°.119.0 41's 227.6 
5. Drop in Water Temperature F 24e2 2655 BAY “24.9 25.3 25.2 25.2 24.0 
6, Room Air Temp., 30 in, Level F 58.0 67.2 6,0) (81.0) 25.0) S606 9 igeie ss ‘g5e7, 
7, Average Floor Surface Temp. F 57.2 76.8 89.6 96.8 101.3 103.3 106.5 110.8 
8, Ground Temp., 2 ft Below Floor F 64.3 64.3 64,2. 163.8, 64.0 © G4s0° 63.9) 862.0 
9. Ground Temp., 3 ft Below Floor F G255 ) 6227) 462.66 16252) (6276 62.309 GosmeGorn 
10, Average Cold Wall Surface Temp. F 53.6 63.0 73.0 76.9 79.3 80.0 G20 s LOTak 
11, Average Ceiling Surface Temp, F 56.6 63.2 73.0 77.3 80.6 682.5 ists 8852 
12, Heat Flow from Top of Slab Btuh 760 1750 2880 3870 4600 4940 4650 4170 
13, Heat Flow from Edge of Slab Btuh 43 92 122 147 168 184 189 193 
14. Heat Flow from Bottom of Slab Btuh -50 0 240 460 640 790 910 1000 
15, Heat Flow from Slab, Total Btuh 753 1842 3242 4477 5408 5914 5749 5363 
16, Heat Flow from Top of Slab % of Total 101.1 95.0 88.8 86.4 85.1 83,5 82.60 778 
17, Heat Flow from Edge of Slab % of Total 5.7 5.0 3.8 363: Bol 3.1 sae 3.6 
18, Heat Flow from Bottom of Slab % of Total -6.7 0.0 W4 20,4. 21/8 235.4 15.8 18.6 
ROOM _B 
19, Inlet Water Temperature F 86.0 116.6 126.5 13310 237.6 139.7 41.0 143.4 
20, Outlet Water Temperature F 66.5 88.3. 98.6 105.6 110.3 113.0 115.0 116.6 
21. Drop in Water Temperature F 19.5, 28.3° “29,9 27h) 2700) eee 26.0 26.6 
22, Room Air Temp., 30 in, Level F 59.5 67.9: “76.2° 80.2) 6206) 664.0 85.8 89.4 
23, Average Floor Surface Temp. F 61.6 77.8 88.3 93.5 97.4 99.2 100.8 104.0 
24. Ground Temp., 2 ft Below Floor F 7L2) 70 Yi.2. 7058 ~ 77055, ~ 70.9 7. “Th.6 
25. Ground Temp., 3 ft Below Floor F 68.7 68.8 69,1 68.8 68.8 68.9 68.7 68.7 
26. Average Cold Wall Surface Temp. F 53.0 63.3) 7050) 73.2 675.08 275.6 76.9 81.5 
27, Average Ceiling Surface Temp. F 59.0 64.4, 972.8 76.87 79.4 806 82,8. 553 
28. Heat Flow from Top of Slab Btuh 970 2120 3010 3750 4350 4720 4700 84220 
29. Heat Flow from Edge of Slab Btuh 62 137 161 186 196 220 235 238 
30, Heat Flow from Bottom of Slab Btuh -500 -120 700 1030 1470 1600 1630 1650 
31. Heat Flow from Slab, Total Btuh 532 © «2137 3871 4966 6016 6540 6565 6107 
32. Heat Flow from Top of Slab % of Total 162.2: 99,2 FIT 75.5 72.3 Wz 1.6 69,1 
33. Heat Flow from Edge of Slab % of Total 3057, 6.4 4.2 37 353 3h 3.6 3.9 
34. Heat Flow from Bottom of Slab % of Total -93.9 -5.6 18.1 20.8 24.4 24.4 24.8 27.0 
ROOM C 
35. Inlet Water Temperature F LOL.5 I71. E372 W405 W50.2° 153.6 356.0, 156.2 
36, Outlet Water Temperature F 77.3 AOL. 3116. 219.7 425.24 12955! S372" dss 
37. Drop in Water Temperature F 24.2, 26,0 25.6 2456" 2520) 24.2 C2 Bb . 2aun 
38. Room Air Temp., 30 in, Level F 56.0 6750.  TA69" 9 95e7%, See 7ss8 75.8 82,0 
39. Average Floor Surface Temp, F 5856 “TU WS 798 «BOS 971963 84.2 89.0 
40. Ground Temp., 2 ft Below Floor F 83.5 8356 63.6 82.9 83. 83.0) 83.25 89.6 
41. Ground Temp., 3 ft Below Floor F 4G.2, 19.6. 7987 79.56 TOSOR 7954. 7952 HORS 
42, Average Cold Wall Surface Temp, F 52.54 62.8 16952 68.3 (67.48.6565 166.9) 07953 
43. Average Ceiling Surface Temp. F 55,0 66.2 2.60 72.8: 73.0. "720 73.5: 78.8 
44, Heat Flow from Top of Slab Btuh 1970 2200 2470 3050 3540 3890 3970 3870 
45. Heat Flow from Edge of Slab Btuh 90 160 202 245 272 292 302 305 
46, Heat Flow from Bottom of Slab Btuh -250 20 610 1090 1470 1700 1890 2050 
47, Heat Flow from Slab, Total Btuh 1810 2380 3282 4385 5282 5882 6162 6225 
48, Heat Flow from Top of Slab fof Total 108.8) “9255. "75.29 GO.5" OT. e 66eu 64.4. 62.1 
49. Heat Flow from Edge of Slab % of Total 5.0 6.7 6.2 5.6 Beil 5.0 4.9 4.9 
50, Heat Flow from Bottom of Slab % of Total -13.8 0.8 18.6 24.8 27.8 28.9 3007 «3340 
ROOM _D 
51. Inlet Water Temperature F 97.0 125.8. 138.4 146.9 152.9 155.6 158.5 161.4 
52. Outlet Water Temperature F 80,7 101.5 123.9 123,35 229.0) 333.0) 136.0) 258.0 
53. Drop in Water Temperature F L693) 2463: 2s eae Pspe) PEP ee ee Vc, 
54. Room Air Temp., 30 in, Level F 57.0 70.9 79.3 S168 830) SisS 83.7 90.0 
55. Average Floor Surface Temp. F CO.5 974.7. BEIT {S850 9003) 59053: 92.7 98.8 
56. Ground Temp., 2 ft Below Floor F 80.4 80.2 80.0 78.8 80.5 80.0 80.1 80.7 
57. Ground Temp., 3 ft Below Floor F EH ai) BRE AR IE | Tas (56a) wsee 
58. Average Cold Wall Surface Temp. F BE bis Yess lneass tect WYER) 74.5 80.6 
59, Average Ceiling Surface Temp. F 56.0 68.8 76.9 79.0 79.4 79.4 80.6 88.0 
60, Heat Flow from Top of Slab Btuh 2480 3060 3670 4580 5260 5720 5780 5270 
61. Heat Flow from Edge of Slab Btuh 61 119 150 181 204 218 226 228 
62, Heat Flow from Bottom of Slab Btuh —560 220 1240 1950 2420 2690 2850 2950 
63. Heat Flow from Slab, Total Btuh 1981 3399 5060 6711 7884 8628 8856 BAAS 
64, Heat Flow from Top of Slab % of Total 125,1° ‘90,0 “7207 6852) 66.7 66.3) 65.205 162.3 
65. Heat Flow from Edge of Slab % of Total veel 3.5 3.0 Daal 2.6 2.5 2. 2.7 
66, Heat Flow from Bottom of Slab % of Total ~28,2 6.5, ‘24.3. 629.2 3007 2 lee Bier Ssi5\0) 
NOTES: 
(a) 23 hours from start of test - Raised limit switch settings in Rooms A and B 
from 140 F to 150 F, 
(b) 33 hours from start of test - Increased "firing rates" in Rooms C and D to 


220 volts,. 


32 (>) 36 
33105 323 
151.7 154.8 
127.0 130.0 
217 24.38 
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first 24 hrs of operation the below floor heat flow 
in Room C reached a maximum of about 43% in 
the November study, while the maximum during 
this period of time for the January study was only 
32%. In Room A the difference in the maximum 
heat flows to the ground for the first 24 hrs of 
operation during November and January tests was 
about 7%. 

The above floor heat flows in Rooms B, C, and 


D for the January test were all within 5 to 10 per- 
centage points of each other, while the above floor 
heat flow for Room A was about 10 to 15 percentage 
points higher than for the other rooms after 12 hrs 
of operation. Thus the subfloor insulation in 
Room A was again shown to be more valuable 
during pick-up operation than the type used in 
Rooms B or C. 


Ill. CEILING PANEL TESTS 


11. Operating Conditions 


The following two series of ceiling panel tests 
were conducted in Rooms A and B: 
Series C-1 in which the attic temperature was 
maintained at a constant value of 
60 F (1952-53 heating season). 

Series C-2 in which the attic temperature was 
uncontrolled and was allowed to 
change with changes in the outdoor 
temperature and general weather 
conditions (1953-54 heating season). 
Figure 29 shows a plot of the aver- 
age attic air temperature above 
Room D during Series C-2 which is 
representative of the attic air tem- 
perature above the other three test 
rooms. 

The heating systems and test equipment used 
in ceiling panel tests have been described in Sec- 
tions 2, 38, and 5. Except for the panels themselves, 
the heating equipment was the same as that used 
for the tests on the floor panels. Continuous circu- 
lation of water through the ceiling panels was 
employed, while the temperature of the water was 
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Fig. 29. Attic Air Temperature, Series C-2 


varied according to need by intermittent operation 
of the water heaters. The heat input rate to the 
water heaters was made to equal 1.33 times the cal- 
culated design heat loss of the room, and the 


heaters were turned off and on as required by the © 


same thermostats as were used for the floor panel 
tests. Corridor floor and corridor air temperatures 
were maintained approximately the same as the 
adjacent test room floor and air temperatures, 
respectively. 


12. Energy Input (Fuel Consumption) 


The total energy inputs to the ceiling panel 
systems in each room were obtained for 24-hr 
periods by watt-hour meters. In Fig. 30 the heat 
equivalents of these measured energy inputs (fuel 
consumption) are plotted against the corresponding 
indoor-outdoor temperature differences for both 
Rooms A and B. Curves from Fig. 15 representing 
the daily heat input rates required for floor panel 
heating in these rooms are shown as dotted lines 
for comparative purposes. 

In Room A, in which the heating coils were 
located above the metal lath, there was no signifi- 
cant difference in the heat input rates for Series 
C-1 and C-2. However, at an indoor-outdoor tem- 
perature difference of approximately 45 to 50 F, 
the heat input rate tended to level off. The limit 
control was adjusted to limit the water temperature 
to 140 F. In Room A this temperature was reached 
at an indoor-outdoor temperature difference of 
approximately 45 F, and, therefore, at higher 
temperature differences the operation of the water 
heater was controlled by the limit switch rather 
than the thermostat. The panel output to the room 
under these conditions was not sufficient to offset 
the room heat loss, and the room temperature 
dropped below the setting of the room thermostat. 

In Room B, in which the heating coils were 
located below the metal lath, there was no apparent 
“leveling off” of the heat input rate curve, since 
the water temperature did not reach the value of 
the limit switch setting (140 F) within the range 
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Fig. 30. Total Heat Inputs to Ceiling Panels 


of test conditions. Furthermore, the panel output 
was sufficient to offset the room heat loss and the 
room air temperature remained equal to the ther- 
mostat setting even during the coldest weather 
experienced (67 F indoor-outdoor temperature dif- 
ference). 

Extrapolating the curves for Series C-1 and C-2 
in Room B indicates that-at design conditions (80 F 
indoor-outdoor temperature difference), the heat 
input rate for Series C-1 was 5950 Btuh, while for 
Series C-2 it was 6950 Btuh, an increase of 17%. 
Since the room heat loss below the ceiling was the 
same for both series of tests, this increase was due 
entirely to increased heat losses from the ceiling to 
the attic. 


The energy input for ceiling panel heating was 
always larger than that required for the floor panels 
with the difference in Room A being greater than 
that in Room B over the range of indoor-outdoor 
temperature differences from 0 to 45 F. Beyond 
this value of indoor-outdoor temperature difference 
no comparison in Room A can be made because 
the ceiling panel could no longer supply the total 
heat requirement of the room. For Room B the 
percentage increase in heat input rate at design 
conditions for the ceiling panel over that for the 
floor panel, both operating with heated attic, was 
450 Btuh (5950 — 5500) or 8%. 

In order to make a comparison of the annual 
fuel consumption for floor and ceiling panels in 
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Table 20 


Annual Energy Input to Floor and Ceiling Panels in Room B 
(Fuel Consumption) 


Average Average Floor Panel Ceiling Panel 

Outdoor No. of Btu/Day Btu/Year Btu/Day Btu/Year 
Temp., Days/Year 
F 

—10 to —5 0.2 120,720 24,144 137 ,520 27,504 
— 5to 0 0.4 112,320 44,928 128,400 51,360 
Oto 5 0.8 103 , 200 82,560 119,040 95,232 
5 to 10 2.2 95,040 209 ,088 109,920 241 ,824 
10 to 15 4.6 86 ,400 397 ,440 100 ,320 461,472 
15 to 20 7.6 78,000 592,800 91,680 696 ,768 
20 to 25 13.6 69,120 940 ,032 82,080 1,116,288 
25 to 30 25.4 60,720 1,542,288 72,960 1,853,184 
30 to 35 33.8 52,080 1,760,304 63,840 2,157,792 
35 to 40 30.0 44,160 1,324,800 54,720 1,641,600 
40 to 45 23.4 35,280 825,552 45,600 1,067,040 
45 to 50 22.6 26,880 607 ,488 36,480 824,448 
50 to 55 20.8 18,240 379,392 27,120 564,096 
55 to 60 19.8 9,600 190,080 18,240 361,152 
60 to 65 22.0 960 21,120 8,880 195,360 
65 to 70 19.0 0 0 0 0 
8,942,016 11,355,120 


or 89.4 therms or 113.6 therms 


Room B, the data for Series C-1 and floor. panel 
studies were integrated over a representative heat- 
ing season following the same procedure used in 
Section 7b to construct Table 5. The results are 
shown in Table 20. 

The total annual fuel consumption for the ceil- 
ing panels was about 113.6 therms, while that for 
the floor panel studies was about 89.4 therms. The 
difference was 24.2 therms or about 27%, based on 
the fuel consumption with floor panels. 


13. Distribution of Heat Flow and Ceiling 
Surface Temperature 


The heat flow distribution from the panels to 
the room was obtained by plotting the instan- 
taneous heat flow as measured by the heat meters 
against the position of the meters on the panel. A 
smooth curve was fitted to the test points. Ob- 
served ceiling surface temperatures were plotted in 
the same manner. Figure 31 shows a typical plot 
of this type for a test made when the heaters were 
on in both rooms. 

A comparison of the ceiling surface temper- 
atures shows that in Room B the variation in 
temperature from a point directly under a coil to 
one between coils was of the order of 10 F, while 
in Room A it was only 1 F to 2 F. Also the mean 
surface temperature of the ceiling was much higher 
in Room B than in Room A. These differences were 
due to the better embedment of the coil in the 
plaster in Room B. 

The mean ceiling surface temperature for both 
Room A and Room B became greater near the 
center of the room than at the exposed wall and 
decreased rapidly beyond the middle of circuit 
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Fig. 31. Ceiling Surface Temperatures and Heat Flow 
from Ceiling Panels 


“B.” However, the variation in the mean temper- 
ature across the effective panel area was less in 
Room A than in Room B. 

The heat flow characteristic for Room B was 
similar to the surface temperature characteristic 
for that room. However, in Room A the heat flow 
dropped off rapidly near the exposed wall, while 
the mean surface temperature decreased only 
shghtly. The reason for the rapid reduction in the 
rate of heat flow from the panel to the room near 
the north wall in Room A is not apparent, but it 
is believed to be related to the relatively low effec- 
tive panel surface temperature and possibly to the 
nature of the air circulation in the room. 


14. Heat Flow from Panels 


Figure 32 shows a plot of heat flow from panel 
to room vs. indoor-outdoor temperature difference. 
The distribution of test points representing Series 
C-1 and Series C-2 in Room A approximated a 
straight line for indoor-outdoor temperature differ- 
ences of 45 F and less, while above 45 F indoor- 
outdoor temperature difference the heat flow “lev- 
eled off” at a maximum value. This characteristic 
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Fig. 32. Total Heat Flow Rate from Ceiling Panel to Room 


was similar to that for the total energy input in 
Room A as discussed in Section 12. 

There was no appreciable difference in the test 
points for Series C-1 and C-2 in either Room A or 
Room B, indicating that the heat flow from panel 
to room was independent of the attic conditions. 

The heat flow from the floor panel to the room 
included not only the heat lost by infiltration and 
transmission through the walls and glass, but also 
the heat lost by transmission through the unheated 


ceiling; the heat flow from the ceiling panel to the 
room included floor heat losses in addition to infil- 
tration and wall and glass transmission losses. 
Therefore, assuming that the infiltration and trans- 
mission losses through the walls and windows were 
the same for both the floor and ceiling panel studies, 
the difference in the total heat flow from the panel 
to the room, as obtained for floor and ceiling 
panels, represented the difference in the ceiling 
losses when using the floor panel and the floor 
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Fig. 33. Heat Flow to Room from Ceiling Panel 
in Percent of Total Panel Output 


losses when using the ceiling panel. For design 
conditions in Room B this difference was (4260 — 
3600) = 660 Btuh. The calculated heat loss through 
the unheated ceiling was 1080 Btuh (Table 1). If 
the calculated loss through the unheated ceiling is 
assumed to be substantially correct, the actual 
floor loss in Room B at design conditions was only 
about 420 Btuh or about 53% of the calculated 
value. 

Assuming the heat losses from the insulated 
piping and heater to be negligible, the difference in 
the heat supplied to the water and the heat output 
of the panel to the room was equal to the heat 
exchange between the ceiling panel and the attic. 
For Series C-2, total heat input to the water in 
Room B was 6900 Btuh, while the total heat flow 
from the panel to the room was 3600 Btuh. Thus 
(6900 — 3600) = 3300 Btuh represents the reverse 
heat loss from the panel to the uncontrolled attic 
air. The ratio of upward heat flow to downward 
heat flow from the panel was 3300/3600 = 0.92. At 
design conditions 3300/6900, or about 48%, of the 
heat input to the water was lost to the attic. For 
tests with controlled attic temperature, 5900 Btuh 
was the total heat input to the water for Room B 
at design conditions. Thus (5900 — 3600) = 2300 
Btuh represents the reverse loss from the panel to 
the attic. The ratio of upward to downward heat 
flow was 2300/3600 = 0.64 and 2300/5900, or about 
39% of the heat input to the water was lost to the 
controlled attic air. 

An analysis similar to the one just made for 
Room B was not attempted for Room A since the 
design room heat loss could not be satisfied by the 
ceiling panel with uncontrolled attic temperature. 

Figure 33 shows a plot of the heat flow from the 
panel to Room B expressed as percentage of the 
total heat flow from the panel vs. indoor-outdoor 
temperature difference. At indoor-outdoor temper- 
ature differences greater than 30 F, the percentage 


of heat flow to the room was practically constant 
at 50% for Series C-2, while that for Series C-1 
varied between 50 and 60%. 


15. Water Temperatures 


The water temperatures at the inlet and outlet 
of each coil were recorded continuously on record- 
ing potentiometers. The average temperature of the 
water in the coil was taken as the arithmetic mean 
of the average inlet and outlet water temperatures. 

Figure 34 shows a plot of the average water 
temperature in Rooms A and B vs. the indoor- 


outdoor temperature difference for both Series C-1 ; 


and C-2. The plot representing Series C-1 in Room 
A shows that the water temperature increased as 
the outdoor temperature decreased and reached 
140 F at 54 F indoor-outdoor temperature differ- 
ence. Two tests with a water temperature in excess 
of 140 F were obtained because the limit switch 
temperature setting was quite high and allowed the 
water temperature to reach an average maximum 
value of 151 F. Normally, the water temperature 
was limited to 140 F. The plot of data for Series 
C-2 indicates that the water temperature in Room 
A reached the limit switch setting of 140 F at about 
45 F indoor-outdoor temperature difference. Be- 
yond this point the water temperature remained 
relatively constant. 

The plot of average water temperature vs. in- 
door-outdoor temperature difference for Room B 
shows that for a given outdoor condition, the re- 
quired water temperatures were lower than those in 
Room A. The average water temperature increased 
with increasing indoor-outdoor temperature differ- 
ence. The curve fitted to the data of Series C-2 
was slightly steeper than that fitted to the data of 
Series C-1, indicating that somewhat higher water 
temperatures were required with an uncontrolled 
attic temperature than without. 

The more rapid increase in water temperatures 
in Series C-2 was due to the increased losses from 
the panel to the attic when the attic temperatures 
were uncontrolled. This is consistent with the 
observed effect of attic temperature on heat flow 
rates from, and energy input to the ceiling panels. 


16. Room Conditions 


a. Room Ai Temperatures —The room air 
temperature obtained with ceiling panels was not as 
uniform as that obtained with floor panels. In 
Fig. 35 the maximum temperature difference meas- 
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Fig. 34. Average Water Temperatures for Ceiling Panels 
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Fig. 35. Air Temperature Differences in Center of Rooms, Series C-1 


ured at the center of Rooms A and B between the 
levels of 3 in. above the floor and 3 in. below the 
ceiling has been plotted against the indoor-outdoor 
temperature difference (Series C-1). Both curves 
show that as the indoor-outdoor temperature differ- 
ence increased the maximum room air temperature 
difference became larger, and at an indoor-outdoor 
temperature difference of 70 F, the maximum dif- 
ference in room air temperature measured between 
the levels of 3 in. above the floor and 3 in. below 
the ceiling was approximately 10 F. 

Figure 36 shows a plot of the room air temper- 
ature gradient measured at the center of Rooms A 
and B for Series C-1. These have been corrected 
to a temperature of 70 F at the 30-in. level for 
comparative purposes. When the outdoor temper- 
ature was 17 F, there was over a 3 F difference in 
temperature between the 12-in. and the 60-in. 
levels above the floor. There was approximately a 
4 F difference in temperature from the level of 60 
in. above the floor to 3 in. below the ceiling. The 
room air temperature gradients for Series C-2 were 
similar to those in Fig. 36, except for Room A in 
which the room air temperature dropped in cold 
weather because of the inability of the ceiling panel 
to supply sufficient heat to offset the room heat loss. 

The steep temperature gradient from the floor 
to the 30-in. level in Room A was the result of 
having the thermo-integrator located close to the 
thermocouple at the 30-in. level in that room. 
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Fig. 36. Room Air Temperature Gradients, Series C-1 


Heat from the thermo-integrator affected the read- 
ing of the 30-in level temperature. 

In Fig. 37 the room air isotherms along the 
north-south centerlines of Rooms B and C have 
been plotted for a test conducted when the outdoor 
temperature was about 19 F. At the time of this 
test Room B was heated by a ceiling panel and 
Room C by a floor panel. The figure shows that in 
Room B, immediately under the effective ceiling 
panel area, the isotherms were very close together, 
suggesting that a layer of stagnant air occupied 
this space. Heat transferred from the ceiling panel 
to the air was accomplished primarily by conduc- 
tion through this air film.?®) Below the 7-ft 6-in. 
level the room air isotherms became farther apart. 
At the center of the room there was a 6 F differ- 
ence in temperature from the floor to 1 ft below the 
ceiling. Nearer the exposed wall the isotherms 
again become close together as a result of the cool- 
ing effect this wall and window had on the room air. 

In Room C, heated by a floor panel, the room 
air temperatures were much more uniform than 
those produced by the ceiling panel. The only place 
where there was a large temperature gradient was 
near the north wall and window. Beyond a distance 
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Table 21 


Room Air Temperatures 
Ceiling Panel Heating, Series C-1 


Room Avg. Sa* Avg. Sa* Avg. Sa* 
Max (Max.) Min (Min.) Max.—Min. (Max.—Min.) 
Temp., F Temp., F Temp., F 
F F F 
A 72.4 0-5 71.4 One 1.0 +0.4 
B 72.3 O37 oilegl Ona 1.2 +0.6 


* Sa = Standard deviation from average. 


of 2 ft from the north wall the room air temper- 
ature was very uniform at 70 F. 


b. Room Air Temperature Control — The room 
air temperature at the thermostat was recorded 
continuously, and the maximum and minimum 
temperatures occurring for 24-hr periods were 
determined. 

Table 21 shows the maximum, minimum, and 
maximum minus minimum room air temperature, 
along with the respective standard deviations from 
the mean. A comparison of the data for Rooms A 
and B shows that the location of the coils with 
respect to the lath in the ceiling panel had no sig- 
nificant effect on the ability of the system to main- 
tain constant room air temperatures. Moreover, by 
comparing data for the ceiling panels, as shown in 
Table 21, with those for floor panels with tile cov- 
ering, as shown in Table 11, it is found that both 
types of heating systems displayed the same control 
characteristics (see Section 8e). Both provided 
good room air temperature control with temperature 
variations in the order of magnitude of 1 F for the 
ceiling panels and 1 to 2 F for the floor panels. 


ce. Surface Temperature — The AUST and AST 
were determined for Rooms A and B for each daily 
reading of surface temperature. Lines 2, 3, 4, and 5 
of Table 22 show the difference between the average 
room air temperature and the average AUST in 
Rooms A and B at several indoor-outdoor temper- 
ature differences and for Series C-1 and C-2. In 
both rooms and for both test series, the difference 
between the AUST and room air temperature re- 
mained practically constant at all outdoor condi- 
tions. For Room B the AUST was approximately 
%4 F below the room air temperature, while for 
Room A it was about 1 to 114 F lower. 

The fact that the panel surface temperature was 
lower in Room A than in Room B would explain 
the slightly lower observed AUST in Room A. 

For floor panels the difference in room air tem- 
perature minus AUST (Table 14) increased with 
increasing indoor-outdoor temperature difference 
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Fig. 37. Room Air Isotherms in Rooms Heated by Floor and 
Ceiling Panels (Outdoor Temperature = 19 F) 


because the decrease in wall and window surface 
temperatures more than offset the relatively small 
increase in floor panel surface temperature. Such 
was not the case with ceiling panels. The increase 
in ceiling panel surface temperature was sufficient 
to offset the reduction in wall and window tempera- 
tures, and, therefore,.the room air temperature 
minus the AUST remained constant. 

The AST minus room air temperature is shown 
for both Series C-1 and C-2 in lines 6, 7, 8, and 9 
of Table 22. In Room A this difference was prac- 
tically zero for both test series, while in Room B 
it increased with increasing indoor-outdoor tem- 
perature difference. At 80 F indoor-outdoor tem- 
perature difference (design conditions in Urbana, 
Illinois) the AST in Room B was about 3 to 4 F 
greater than the room air temperature. 

The coils were located above the metal lath in 
the ceiling panel used in Room A, and this construc- 
tion resulted in lower panel surface temperature 
than that obtained in Room B where the coils 
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Table 22 


Room Air Temperature Minus AUST and AST 
Ceiling Panel Heating 


(1) Indoor-Outdoor Temp. Diff., F 20 
Average Room Air — AUST 

(2) Room A, Series C-1 1 .23+0.27 

(3) Series C-2 0.8740.12 

(4) Room B, Series C-1 0.66+0.32 

(5) Series C-2 0.50+0.20 
AST — Average Room Air 

(6) Room A, Series C-1 —0.22+0.20 

(7) Series C-2 —0,.32+0.53 

(8) Room B, Series C-1 0.683+0.19 

(9) Series C-2 0.76+0.21 
Figures in table are for confidence limit of 95% (average values). 


were below the lath. This in turn resulted in both 
lower AST and room air temperature in Room A 
than in Room B. 

Observations taken in Rooms A and B when 
operating with the floor panels showed that the 
room air temperature remained practically constant 
at from zero to 1 F above the AST (about the same 
as that obtained in Room A with the ceiling panel). 
The increase in the ceiling panel surface tempera- 
ture in Room B and the accompanying increase in 
radiant heat exchange with surrounding surfaces 
resulted in a higher AST than obtained with the 
floor panel. Therefore, for the same heat balance 
on a body in the test room, it is probable that a 
lower room air temperature would have to be 
maintained in a room when using a ceiling panel 
such as that used in Room B than when using a 
floor panel. 

During test Series C-1 a thermo-integrator was 
installed in a vertical position at the center of 
Room A with the center of the instrument approx- 
imately 30 in. above the floor. The instrument was 
read each day along with the room surface temper- 


deg F 


40 60 80 
1.26+0.16 1.30+0.34 1.33+0.58 — 
0.98+0.05 1.10+0.10 1.21+0.18 
0.61+0.18 0.57+0.37 0.52+0.64 
0.65+0.07 0.81+0.20 0.96 +0.37 
0.28+0.12 0.79+0.26 1,294 0.44 9 

—0.08+0.22 0.16+0.44 0.404+0.85 — 
1.31+0.11 2.00+0.24 2.690.417 
1.79+0.10 2.82+0.15 3.95+0.28 


ature readings. Figure 38 shows a plot of the MRT 
obtained with the thermo-integrator vs. the corre-.— 
sponding indoor-outdoor temperature difference. 
The MRT increased slightly with the ceiling panel 
with decreasing outdoor temperature and ranged 
from 72 F to 73 F (slightly higher than the air 
temperature). 

With the floor panel the MRT decreased with 
decreasing outdoor temperature and ranged from 
70.5 F to 69.0 F (slightly less than the room air 
temperature). Thus the MRT obtained with the 
ceiling panels in Room A was from 1.5 F to 3.5 F 
higher than that obtained with the floor panel. 
Since the ceiling panel surface temperature im 
Room A was limited because of the poor thermal 
characteristics of the ceiling, it is probable that in 
Room B the MRT obtained with the ceiling panel 
would exceed that in Room A, and the slope of the 
ceiling panel curve of Fig. 38 would be even greater. 

It is evident that because of higher surface tem- 
peratures the ceiling panel transferred a greater 
quantity of heat by radiation than did the floor 
panel. The ceiling panel behaved less like a con- 


Ceiling pane/ 


eo 


— 


Mean radiant temperature, 


O /0 20 30 


el 


Floor pane/ 


40 50 60 70 80 


/ndoor-outdoor temperature difference, deg F 


Fig. 38. Mean Radiant Temperature 


Bul. 453. PERFORMANCE OF HOT WATER PANEL HEATING SYSTEMS 59 


Ffroom A, series C-/ 


Controlled attic temperature 


Frooom B, series C-/ 
Controlled attic temperature 


Froom A, series C-2 
Uncontrolled attic temperarure 


Average floor surface temperature, deg F 


froom &, series C-2 
Uncontrolled attic temperature 


/0 20 30 40 50 60 70 
/ndoor-outdoor temperature difference, deg F 


Fig. 39. Floor Surface Temperature 


vection system than did the floor panel. According 
to Raber and Hutchinson,” the greater the value 
of MRT minus room air temperature, the greater 
the radiant heat transfer and the more a system 
behaves like a radiant panel. 

The ability of a ceiling panel to produce com- 
fortable room conditions in a room having a con- 
erete slab floor is dependent upon the floor surface 
temperature produced. Average floor surface tem- 
peratures were obtained in Rooms A and B for both 
Series C-1 and Series C-2 by taking the arithmetic 
mean of the floor surface readings each day. Figure 
39 shows a plot of these average floor surface tem- 
peratures vs. indoor-outdoor temperature difference. 
During Series C-1 the average floor surface temper- 


ature for both Rooms A and B was practically the 
same at about 70 F to 71 F. However, for Series 
C-2, when the attic was unheated, the ceiling sur- 
face temperature in Room A could not be increased 
sufficiently to transfer enough heat to satisfy the 
room heat loss. As a result, the floor surface tem- 
perature (as well as the temperature of all other 
unheated surfaces and the room air) dropped off 
rapidly at indoor-outdoor temperature differences 
greater than 45 F, while for Room B it remained 
practically constant at all indoor-outdoor tempera- 
ture differences. Because of the increased panel sur- 
face temperature in Room B during cold weather, 
the heat exchange between panel and floor was 
sufficient to offset the tendency for a decrease in 
floor temperature during colder weather. 

Table 23 shows the floor surface temperatures 
measured along the center lines of Rooms A and B 
for Series C-1 and C-2. For all tests the floor 
surface temperature was lower near the north (ex- 
posed) wall than at the center of the room. In all 
tests except Series C-2, Room A, the outdoor tem- 
perature had little effect on the floor surface tem- 
perature at distances greater than about 3 ft from 
the north wall. In Room A, during Series C-2, the 
lower the outdoor temperature, the lower was the 
floor surface temperature at all locations along 
the center line of the room. In Room B the floor 
surface temperature was slightly higher during 
Series C-2 than during Series C-1. The increase in 
floor surface temperature may have been due to 
higher panel surface temperatures for Series C-2, 
or more likely the warmer floor during Series C-2 
resulted from the fact that floor panel studies were 
made in this room prior to running Series C-2 and 
insufficient time may have been allowed for ground 
temperatures to return completely to normal. 

At about 3 ft from the north wall the floor sur- 
face temperature was very nearly the same as the 
room air temperature at the 30-in. level, and at 
distances between 4 or 5 ft and 9 or 10 ft from the 
north wall, the floor surface temperature exceeded 
the room air temperature at the 30-in. level. How- 
ever, the floor surface temperatures were rather 
low (68 F or less) near the exposed walls. While 
ceiling panels were able to maintain warm floors 
over most of the room area, they could not ade- 
quately heat the floor along the exposed walls as 
did the floor panels. 

d. Relative Humidity — The relative humidity 
of all four test rooms was obtained for each reading 
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Table 23 
Floor Surface Temperatures 
Distance from North Wall, ft 1 2 3 5 6% 8 9% 11 
Floor Surface Temperature, F 
Room A, Series C-1 
Outdoor Temperature = 48 F 67.3 69.1 70.2 71.4 71.3 wales leg 14 
33 F 66.0 68.2 69.9 71.4 7126 a Newre (alee UME) 
10 F 65.1 68.0 69.9 71.8 71.8 71.8 te, 71.5 
Room A, Series C-2 
Outdoor Temperature = 48 F 68.3 7honal 70.7 71.8 71.8 71.8 Tee 7178 
33 F 66.7 68.5 69.8 keg) 71.8 71.8 Wales (lee 
10 F 63.3 65.7 66.8 69.6 69.6 70.0 70.0 70.0 
Room B, Series C-1 
Outdoor Temperature = 48 F 67.9 69.3 70.6 72.0 ENS 72.4 71.9 va ley 
33 F 66.0 68.3 70.4 71.6 Cod 72.0 71.6 glen: 
10 F 65.0 67.6 70.4 71.8 72.3 72.4 71.8 71.4 
Room B, Series C-2 
Outdoor Temperature = 48 F 69.2 10:2 71.2 72.4 72.9 71.9 TQ 72.8 
33 F 67.8 69.5 70.9 72.4. 72.9 72.0 72.6 72.3 
10 F 67.1 69.5 71.3 73.3 Veiag 73.8 73.2 72.3 


time by means of hair-type relative humidity indi- 
cators. The relative humidity for covered floor 
panels was discussed in Section 8k. Figure 40 shows 
a plot of relative humidity vs. indoor-outdoor tem- 
perature difference for the ceiling panel heated 
rooms. In both Rooms A and B the relative hu- 
midity decreased with decreasing outdoor tempera- 
ture, and during extremely cold weather the relative 
humidity dropped below 10 per cent. However, in 
rooms heated by covered floor panels (see Section 
8k and Fig. 24, relative humidity did not get below 
20% at any time. The reason for this was the 
differences in rate of vapor transfer from the ground 
through the floor slab. Since the ground was un- 
heated under ceiling panel heated rooms, the motive 
head for the transfer of water vapor through the 


slab was considerably less than for floor panel 
heated rooms. During moderate weather (30 F 
indoor-outdoor temperature difference) the relative 
humidity in ceiling panel heated rooms was only 
5 to 10% lower than that in floor panel heated 
rooms. 

During extremely cold weather, the low relative 
humidity in ceiling panel heated rooms, combined 
with large variations in dry bulb temperature from 
floor to ceiling, could result in rather uncomfortable 
conditions. This would be especially true in cases 
where the occupants were sensitive to low relative 
humidity (allergy, asthmatic, ete.). Also unless the 
moisture content of the wood used on the interior 
of a new house was low at the time of construction, 
damage could result from drying out and warping. — 
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